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ABSTRACT
T his study estim ates the effects o f various levels o f sea leve l rise  
on the coasta l barrier salt m arshes o f Cape H atteras N ational Seashore (C H N S) 
and assoc ia ted  areas o f the O uter B anks, N orth  C arolina. F ie ld  observations 
o f sa lt m arsh  vegetation  e levations and local m ean w ater level are em ployed  
in con junc tion  w ith  a com bination  o f  G eographic  In fo rm ation  S ystem s (G IS) 
techno log ies to assess the areal ex ten t o f salt m arsh po ten tia lly  in u n d a ted  by 
in creased  rates o f sea level rise . T he im pacts o f a num ber o f p o lic ies  that 
m ay be im plem ented  as sea level encroaches on public and p rivate  lands are 
exam ined . S ince the re la tio n sh ip s  o f  m itig a tin g  sed im en tary  p ro ce sse s  and
th e ir  in te rac tio n s  w ith  p o lic ie s  are cu rren tly  unclear, a r isk  a sse ssm e n t is
designed  as a fram ew ork w hich can be m anipu lated  as m ore becom es know n 
o f salt m arsh  sed im ent dynam ics in an evolv ing  barrier island  system .
A n in crease  in the ra te  o f  eu sta tic  sea level rise  is one p re d ic te d
secondary  effect o f g lobal clim ate change. O f the m any coasta l env ironm en ts 
p o ten tia lly  th rea ten ed  by an increase  in sea level, sa lt m arshes have  been  
rec o g n ize d  as req u irin g  im m ed ia te  a tten tio n . P rev ious large  sc a le  s tu d ies  
u s in g  sea  lev e l rise  p re d ic tio n s  (1 --3  m /lO O yrs) d e riv e d  fro m  c lim a te
m odels have p red ic ted  losses o f over 50% o f the n a tio n ’s coasta l w e tlands. 
S alt m arshes, in fac t, can be sen sitiv e  to sm aller am ounts o f w a te r leve l 
in c rease . In add ition , the need fo r the assessm en t o f im pacts on sm aller, 
m ore reg ional scales has been recogn ized . The in form ation  gained  from  this 
s tu d y  sh o u ld  a id  in th e  s y n th e s is  and  im p le m e n ta tio n  o f  in fo rm e d  
m anagem ent decisions concerning  the O uter B anks region.
AN ANALYSIS OF THE EFFECTS OF SEA LEVEL RISE 
O N  THE COASTAL SALT MARSHES OF 
CAPE HATTERAS NATIONAL SEASHORE, NORTH CAROLINA
INTRODUCTION
A fter cen tu ries of u n b rid le d  sw am p rec lam ation  an d  m arsh  
infilling, w e tlands are now  recognized  as im portan t features in the n a tu ra l 
landscape. As a function of this recognition, the p reservation  of w e tlan d s of 
all k inds has becom e a goal of those concerned w ith  m ain ta in ing  a so u n d  
ecological balance of society 's actions. This particu lar p reservation  ideal has 
received  na tional a tten tion  at tim es and  continues to cause heated  po litical 
debate. Since w etlands by definition exist in the transition zone betw een  fully 
te rrestria l and  fully aquatic  system s, their iden tification  and  o w n ersh ip  is 
often  in question. Still, g iven  the m ultitude  of functions they  p e rfo rm  and  
the  staggering  am oun t of w e tlan d s a lready  destroyed-- over 50% since the 
1700s— the p reserva tion  of w e tlands is considered by m any to be a w o rth y  
na tiona l concern.
Coastal w etlands are th rea tened  in m any w ays. G row ing p o p u la tio n  
an d  developm en t p ressu res and  the prom ise of econom ic gains have  often  
resu lted  in the d redging  a n d /o r  filling of coastal w etlands. In add ition , som e 
coasta l w e tlan d s are actively  excavated  in  p h o sp h o ro u s  or p e a t m in in g  
operations; o thers are read ily  converted  to agricultural land. C onversion  of 
w e tlan d s for relatively  sho rt term  hum an  use is an obvious d anger to their 
conservation , b u t it is n o t the  only one. R apid sea level rise, be it n a tu ra l 
(SLR) or an th ropogen ica lly  enhanced  (SLRg), is a m ore insid ious th rea t to
1
2coastal w etlands (A rm entano, et. al., 1988). (Refer to Table 1 for a lis ting  of 
defin itions and  conventions used  th roughou t this project.)
The effect of rap id  sea level rise on coastal w etlands has been  stu d ied , 
m o d e le d , a n d  p re d ic te d  in te n s iv e ly  in th e  decades since  SLRe w as 
substan tia ted  and its risks perceived (M oorhead and Brinson, 1995; D av idson  
and  Kana, 1988; Boorm an, 1992). M any of these studies have dealt w ith  large 
regions and  thus have coarse resolution. A t the tim e, this w as necessary  to 
quan tify  a na tional prob lem  in its early  stages. Focus has since sh ifted  to 
m odeling  on finer spatial scales so that localized differences in processes can 
be accounted for and m ore certainty can be attained in the estim ation of SLRe 
im pacts (Titus, 1990).
The process of estim ating the im pacts of fu ture SLR on the w etlands of 
c o a s ta l  b a r r ie r s  p re s e n ts  n u m e ro u s  sc ie n tif ic  a n d  m a n a g e m e n t  
considera tions. B arrier is lands and  sp its  are som e of the m ost d y nam ic  
geological features in the w orld . They are constantly  evolving in a dynam ic 
eq u ilib riu m  w ith  changes in the  oceans and  clim ate (Schw artz , 1973). 
U ndeveloped  barrie r islands typ ically  respond  to SLR by tran s la tin g  the ir 
positions landw ard ; w hile the features are consistently destroyed and  rebuilt, 
their positions relative to the h igher sea level rem ain essentially unchanged . 
This phenom enon  is a key aspect of coastal transgression  and  b arrie r island  
"rollover" (Carter, 1988; L eatherm an, 1988).
O n m any coasts, how ever, th is dynam ic response to na tu ra l forces is 
im peded  by the presence of m an-m ade structures. The high econom ic va lue  
of barrie r island beachfront p roperty  and  infrastructure  have m ade it feasible
3for com m unities to a ttem pt to restric t barrie r island m ovem ent as sea level 
rises (D olan, et. al., 1973)). The res tric tion  of sed im en ts d e p riv e s  the  
backbarrier tidal salt m arshes of substra te  needed  for g row th  and  evo lu tion  
(B irkem eier, et. al., 1984). T herefo re , they  becom e h ig h ly  a t r isk  to 
in u n d a tio n , e ro s io n  and , u ltim ate ly , conversion  to open  w a te r  as SLR 
continues or increases.
The focus of this project is on the coastal barrier salt m arshes of C ape 
H a tte ra s  N a tio n a l Seashore  (CHNS) and  its associated  areas. C H N S 
encom passes a large po rtion  of the O uter Banks barrier island- b a rrie r sp it 
com plex, an area typical of m icrotidal, w ave-dom inated coastal barriers in the 
eastern  U nited States coastal plain. The N orth  C arolina coast is considered  a 
"classic" exam ple of a transgressing  barrie r com plex and has been  s tu d ie d  
intensively since the 1930s (Inm an and Dolan, 1989); studies of this reg ion  are 
often  ex trapo la ted  to o ther coastal zones and vice-versa. Of the  v a rio u s  
coasta l ecosystem s in  ex istence, b a rr ie r  is lands are  p e rh a p s  th e  m o st 
susceptib le to SLR; the study  of SLR effects on them  can illustra te  the  need  
for p reven tative  m easures to m itigate global w arm ing effects.
The salt m arshes w ith in  C ape H atteras N ational Seashore (CHNS) and  
associated areas m ay be particu larly  im portan t to the ecology of the Pam lico 
Sound. In m any  o ther barrie r island  system s of the east coast, backbarrie r 
lagoons are narrow , and thus are significantly su p p o rted  by large tida l salt 
m arshes on the m ain land  coast. Pam lico Sound, how ever, is m uch  w id e r 
th an  the typical backbarrier lagoon; m uch of its vo lum e is d istan t from  the 
su p p o r t of the  m ain lan d  m arsh  system  (N ichols, 1989). ■ T herefo re , the  
backbarrie r salt m arshes of CH N S m ay likely p lay  a significant role in  the
ecological processes of Pam lico Sound. The p reserva tion  of these m arshes 
sh o u ld  be considered  essen tia l to the m ain tenance  of the ecology of th is 
system , as well as to the barrier complex itself.
The relatively sm all scale of this study  site w ill allow  locally dom in an t 
processes to be identified and  ranked on a site-specific basis. In this area, the 
im plem enta tion  of public  and  p rivate  policies m ay influence the availab ility  
of such  processes. Therefore, the potential consequences of a variety  of such  
po lic ies w ill be assessed  and  com pared  in com bination . Because of the 
uncerta in ty  inheren t in SLR predictions, this project w ill assess the effects of 
various estim ated SLRe scenarios. The estim ates of p redicted  SLR (SLRp) will 
fo llow  those used  in  sim ila r s tud ies  to facilitate  com parison  of resu lts .
BACKGROUND and SIGNIFICANCE
L Cape Hatteras National Seashore:
D ue to the p red ic ted  im pacts of global clim ate change on coastal 
barrier system s, the N ational Park  Service (NPS) has recognized the need  for a 
risk  assessm en t of N a tio n a l Seashores that include  these fea tu res. The 
N a tio n a l P a rk  Serv ice  h as  c o n tra c te d  the  D e p a rtm e n t o f R eso u rce  
M anagem ent and  Policy at VIMS (RMAP) to perform  an assessm ent of the  
risks to the na tu ra l and  cu ltu ral resources of the N ational Seashores in  the 
NPS Southeast Region. Of these, C ape H atteras N ational Seashore (CHNS) 
has been  chosen as the flagsh ip  s tu d y  of the overall clim ate change risk  
assessm ent. This project is fu nded  as a p a rt of the n a tu ra l resou rce  risk  
assessm ent of CHNS.
C ape H atte ras N ational Seashore stretches over ~120km of the  east- 
central N orth  Carolina seashore (Figure 1). From the sou thern  m ost 11km of 
C u rritu ck  Spit (Bodie Island), the CHN S b o u n d ary  ru n s  th ro u g h  m o st of 
H atte ras Island dow n to and  including Ocracoke Island. It is bo u n d ed  on  the 
east by  the A tlantic Ocean and  on the w est by Pam lico Sound. O regon  Inlet 
(north), H atteras In let (m iddle), and  Ocracoke Inlet (south) connect Pam lico 
Sound to the A tlantic Ocean. Pea Island N ational W ildlife Refuge m ain tains 
th e  n o rth e rn -m o st p o rtio n  of H a tte ras  Island; p riv a te  com m unities reside  
ou ts id e  p a rk  boundaries in sm all pa tches along the coast to the so u th e rn  
b o u n d a ry  at O cracoke Inlet. The en tire  ocean shoreline  of the  is lan d s  is
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6federally  ow ned; how ever, m uch  of the sound-facing  shoreline (in c lu d in g  
salt m arshes) is p riva te  p roperty . The salt m arshes of Pea Island  N ationa l 
W ildlife Refuge and p rivately  held  lands adjacent to CHNS w ill be included  
in this study.
The close association of federal land  and privately  held residen tia l and  
com m ercial p ro p e rty  in th is area p ro v id es an in te resting  p e rsp ec tiv e  for 
policy analysis. N aturally , the rights and  perspectives of private citizens often 
differ from  those of federal m anagers. Since the outcom e of any p a rticu la r 
m anagem en t p lan  is d ep en d en t on the in te rp lay  of the options of v a rio u s  
landow ners, th is rela tionsh ip  m akes the s tu d y  site an excellent location  to 
su rvey  the in teractions of available policy  options. Therefore, p ub lic  and  
p rivate  policies w ill be exam ined in com bination.
II. Salt Marshes:
Salt m arshes are essential links in the ecology of bo th  aquatic  
an d  te rre s tr ia l system s. They p ro v id e  a n u m b er of functions th a t  a re  
beneficial to bo th  residen t and  m igra to ry  species and to hum an  civilization. 
N otable functions of salt m arshes include, b u t are no t lim ited to:
• nu trien t supp ly  to w ater colum n
• protection from  preda tion  for juvenile fishes, crustaceans and
birds
• feeding, nesting, and  spaw ning areas for fishes, crustaceans and
birds
• hab ita t for num erous invertebrates
• w ave energy dam pening
7• erosion control
• w ater quality control
(Mitsch and  Gosselink, 1986;
Stevenson, et al., 1985; Redfield, 1972)
A d d itio n a lly , tida l sa lt m arshes rank  am ong  the m ost p ro d u c tiv e  
n a tu ra l system s in the w orld. In term s of p lan t biom ass, these m arshes have  
been  reported  to p roduce  over 5000 gm C (dry w t) /m 2 /y r . The de term ination  
of w h e th er salt m arshes act as a source or sink for organic carbon has been  
debated  in the literature (Childers, 1990); som e m arshes m ay act as a reservoir 
for n u trien ts  on seasonal or o ther tem poral scales. D espite the lack of a 
scientific consensus of their specific roles, it is clear that salt m arshes p rov ide  
im portan t functions in the nu trien t cycling of adjacent w ater bodies.
Salt m arshes on the east coast of N orth  Am erica range from  the G ulf of 
Mexico to Canada. Of these, the tidal salt m arshes of the sou theastern  US are 
particu larly  p roductive (Hackney and Cleary, 1987). Peak p rim ary  p roduction  
u su a lly  occurs in late sum m er, though  m any residen t species often  exhib it 
asynchronous m axim um  stand ing  crops. A la titud inal (northerly) reduc tion  
in  b iom ass po ten tial has been no ted  by som e researchers, likely a resu lt of a 
p ro g ress iv e ly  sh o rten in g  g row ing  season  (R edfield, 1972). In ad d itio n , 
to lerance to regu lar tidal inundation  apparen tly  declines w ith  d istance from  
the equato r. Typically, though  no t alw ays, salt m arsh  species canno t grow  
be low  m ean  sea level. In  n o rth e rn  clim ates, sa lt m arshes are g en era lly  
confined  by  a low er lim it tha t is above m ean h igh  w ater (Frey an d  Basan, 
1985).
8A typical Southeastern  salt m arsh  is identifiable by its dense s tan d s of 
sm o o th  co rd g ra ss , Spartina alterniflora. Spartina alterniflora's c o m p ac t 
rh izom ous roo t system  resu lts  in a below  g round  b iom ass th a t equals or 
su rpasses its above g round  potential. The root and  stem  tissue of Spartina  
alterniflora con tain  large void  spaces (aerenchym a tissue) th ro u g h  w hich  air 
can penetra te  dow n past the soil surface into the roots. The extensive roo t 
system  of Spartina alterniflora also allow s salt m arshes to accum ulate  p ea t 
and  sedim ents, som etim es at very  high rates (Kearney et. al., 1994). O ther salt 
m arsh  species, no tab ly  Spartina patens, are also know n to accum ulate  pea t 
and  sedim ents at high rates.
Species d iv ers ity  in sa lt m arshes is considerab ly  low er th an  o th er 
w e tlands because residen t species tend  to exclude each o ther in response  to 
the h a rsh  env ironm enta l conditions (Van Der Valk, et. al., 1994). Z ones of 
nearly  m onotypic vegetation  are com m on. These zones com m only occur in  
pa tch es a long  a g rad ie n t from  m ean  sea level to the  u p la n d  tra n s itio n  
boundary . W hile seed d ispersal and com petition p lay  som e role in tida l salt 
m arsh  zonation , species d is tr ib u tio n  and  abundance  is m ore a fac to r of 
w ith stand ing  stress than  m axim izing resources.
In undation  is p a ram o u n t in the environm ental stress regim e of 
a salt m arsh  (M itsch and  G osselink, 1986). The periodic p resence of w a ter 
excludes oxygen from  the root zone; therefore, those plants that can aerate  the 
rh izo sp h ere  best tend  to g row  nearest the w a ter line. The im portance  of 
in u n d atio n  to species d istribu tion  is so pronounced  tha t elevation relative to 
sea level is often  be considered  the contro lling  factor in  w etland  zo n atio n  
(E leuterius and  E leuterius, 1987). W ith increasing d istance from  m ean  sea
level, o ther factors th a t influence species d is tribu tion  gain im portance  and  
h e te ro g en e ity  increases (Reim old and  Q ueen, 1974).- W hen in u n d a tio n  is 
com pletely rem oved as a force, u p lan d  species dom inate.
Salt m arshes generally  exist in the in term itten tly  flooded area be tw een  
m ean  sea level and  the average sp ring  h igh  tide (approxim ately); the  local 
tida l regim e is often used  to de te rm ine  its horizon tal extent and  vice versa  
(K earney and Stevenson, 1991). H ow ever, the dim ensions of salt m arshes are 
h igh ly  variab le  and absolute rela tionsh ips to tidal fluctuations are no t w ell 
correlated  th roughou t regions (McKee and  Patrick, 1988). W ith the reduced  
tid a l reg im e of m any backbarrie r lagoons, inundation -con tro lled  positio n s 
m ay no t be the result of astronom ically  predictable tides. Therefore, in m any 
such areas, salt m arsh  up p er lim its m ay not exhibit a p a tte rn  consisten t w ith  
p re d ic ta b le  tid a l d a tu m s such  as m ean  h ig h e r h ig h  w a te r  (M H H W ) 
(E leuterius and  E leuterius, 1979).
The on togeny  of sa lt m arsh es  is a h igh ly  variab le  re su lt of the  
in teraction  of num erous factors. Like m ost vegetative com m unities, reg ional 
clim ate and other physical factors com bine w ith  p lan t genetics and  life h isto ry  
stra teg ie s  to p a rtitio n  availab le  space am ong  species. In  sa lt m arsh es , 
availab le  space is ne ither fin ite  n o r perm anen t. S ed im en ta tion  of m any  
k inds can often provide new  space for p lan ts to colonize or h igher g ro u n d  for 
p lan ts  to keep in u n d atio n  stress below  to lerance th resho lds. C onversely , 
erosion  from  w aves and w inds can easily strip  sedim ents aw ay (Shepard and 
W anless, 1971).
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Salt m arsh  evolution is a very  com plex process. Since RedfielcTs (1972) 
p ioneering  w ork  on this subject a t Barnstable m arsh  in M assachusetts, m an y  
o b se rv e rs  h av e  n o ticed  c o u n te r- in tu itiv e  aspec ts  of th is  d e v e lo p m e n t. 
Redfield, as o thers before him , noticed that salt m arshes evolve th ro u g h  b o th  
accre tion  on  site  and  ex tension  in to  ad jacen t u p la n d s  and  tid a l fla ts. 
H o w ev er, the  ex ten t of e ith e r p rocess varies w ith  location  w ith in  a n d  
b e tw een  reg ions and  is m ore a function  of local sed im en ta tio n  th a n  of 
clim ate or p lan t genetics. Therefore, p ro p er analysis of salt m arsh  ev o lu tio n  
can n o t be g en era lized  for reg iona l cond itions. K now ledge  of loca lly  
im p o rtan t factors, especially of the availability  of sed im entation  processes to 
sa lt m arsh  substra te  developm ent, is essential in accurately  estim ating  sa lt 
m arsh  evo lu tion .
III. Sea Level Rise:
Historic:
D u rin g  the  p ast cen tu ry , paleogeolo log ists and  c lim ato log ists 
have  come to the basic u n d ers tan d in g  that the geologically recent h is to ry  of 
the E arth  is punctua ted  by periods of glacial m axim a and m inim a. The initial 
d r iv in g  force b e h in d  th is  f lu c tu a tio n  seem s to be e cc en tr ic itie s  in  
astronom ical phenom ena tha t d ictate the am ount of solar rad ia tion  th a t the 
E arth  receives (B roeker and  D enton , 1990). Inc iden t so lar ra d ia tio n  is 
transform ed in to  heat energy that is rerad iated  ou t of the E arth 's u p p e r layers 
at w aveleng ths considerably  longer than  the incom ing short-w ave rad ia tion . 
M uch of th is long-w ave in frared  rad ia tion  is then  absorbed or reflected back 
to w ard s  the E arth  by gases in the a tm osphere  term ed  'g reenhouse  gases ' 
(Revelle, 1983).
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The ne t resu lt is th a t the E arth  is w arm ed  u n d e r p eriods of h ig h e r 
incom ing rad iation ; this is affected in p a rt by the E arth 's d istance from  the 
sun  and  its inclination  tow ards the su n  (Broeker and  D enton, 1990). O ther 
factors, such as oceanic circu lation  and  heat ab so rp tion  capability , ten d  to 
m odu la te  the astronom ical events such tha t d iscrete periods of heating  and  
cooling can occur (W hite, 1993). The resu lting  m elting  and expansion of ice 
m asses has, in p art, caused  fluctuations of the vo lum e of the global ocean 
(D ouglas, 1991). E stim ation of fluctuating  sea levels in the d istan t p a s t has 
b een  ach ieved  th ro u g h  rad io m etric  d a tin g  of b iogen ic  m ate ria ls , an d  
indirectly  th rough  oxygen isotope analysis of glacial ice cores (M illim an and  
Emery, 1968; Em ery and  G arrison, 1967).
Recent:
C urrently , the E arth  is in a period  of glacial m inim um ; glaciers 
have  been  re trea tin g  p o lew ard  since the last m ajor g laciation  abou t 18000 
years ago (Fairbridge, 1989). A resu lt of th is re trea t and  of the  th erm al 
expansion of the ocean is the subsequent rise in global sea level (Peltier, 1986). 
G lobal sea level has risen approxim ately  120m since the last m ajor glaciation. 
Estim ates of m ore recent sea level rise trends come from  stratigraphic analysis 
of ou t-cropped  continen ta l shelf pa leom arsh  peats and  m ollusk  shells, and  
analysis of long-term  tide  gauge da ta  (A ubrey and  Em ery, 1983). Several 
m ethods have been  app lied  w hich a ttem pt to decipher a global trend  in  local 
records. The patchiness of tide gauge data  from  around  the w orld  m akes this 
analysis speculative (Pirazzoli, 1993).
The relative rate  of recent sea level rise has varied  over tim e and  has 
resu lted  in the  lan d w ard  transla tion  of the coast in various form s (W anless,
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et al., 1994). The rate  of sea level rise can dictate the m eans by  w hich  the 
sho rew ard  landscape deals w ith  an encroaching sea (W olkom ir, 1988). A slow  
lan d w ard  m igration  or even stabilization of the shore m ay occur d u rin g  a sea 
level rise if sed im ent supplies are equal to or greater than  the am ount of land  
in u n d a ted  by  the sea, or if the land  is rising faster (isostatically) than  the sea. 
Large scale erosion and inundation  of coastal areas can occur if the rate of sea 
level rise surpasses the ability of the land to resist it (Carter, 1988). This factor 
is of particu lar im portance w hen  concern is directed tow ard  coastal w etlands 
and  o ther low -lying landscape features (Parkinson, 1994).
Local:
The past two h u n d red  years or so has seen a relative leveling in 
the rate  of global sea level rise (Pirazzoli, 1993). H ow ever, several localized 
factors, such  as isostasy , com bine to com plicate th is m o d u la tio n . L and  
subsidence or uplift can effectively increase or decrease the relative rate  of sea 
level rise (DeLaune, et. al., 1994). Localized glacial rebound  in  response to the 
m elting  of a regional ice m ass m ay actually  resu lt in land  subsidence in  an 
adjacent region due to a balancing effect of land m asses about subcontinen tal 
hinge poin ts (Peltier, 1986).
E stim ations of local (East Coast) sea level rise trends have focused on 
the analysis of long-term  (60-100yr) tide gauge records and  the con tinen ta l 
shelf stra tig raph ic  record (Barnett, 1983). The tide gauge record for the  east 
coast of the U nited  States is extensive and  fairly evenly spaced. N um erous 
analyses of these records have  been  m ade. A ubrey  and  Em ery (1983) have 
d e te rm in e d  th o ro u g h  P r in c ip a l  C o m p o n e n ts  A n a ly s is  th a t  th re e  
com partm en ts of variable sea level rise rates exist on the east coast. C ape
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H a tte ra s  se rv es  as the  b o u n d a ry  b e tw ee n  the  so u th e rn  a n d  c e n tra l 
com partm ents w ith  a 40 year trend  estim ated at approxim ately 3.0 m m /y r .
Predicted:
Global w arm ing  adds m ore uncertain ty  to the p red ic tion  of sea 
level rise. The aspect of g lobal w arm in g  th a t enhances sea level rise  is 
in tu itiv e . D efo resta tion , fossil fuel b u rn in g  and  o th er h u m a n  im p ac ts  
increase the am oun t of 'g reenhouse  gases' in the a tm osphere  causing  m ore 
long-w ave rad ia tion  to be reflected back tow ard  the Earth, thus w arm in g  it 
(A ppenzaller, 1992). A n increase in average surface tem p era tu re  increases 
m e ltin g  of the  ice m asses and  oceanic th e rm al e x p an sio n , th e re fo re  
accelerating the rate of sea level rise (Revelle, 1983).
G eneral Clim ate M odels (GCMs) have pred icted  the m ost likely im pact 
of clim ate change is a fu rther increase of 2-6 °C in m ean surface tem p era tu re  
of th e  p la n e t  o v e r the  n ex t h u n d re d  o r so y ears  (H a n se n , 1984). 
C orrespond ing  sea level rise pred ictions based on this w arm ing  range from  2 
to 5 m eters above the cu rren t ra te  (Titus and  Seidel, 1986). W hile these  
p red ic tions are som ew hat speculative , the likelihood tha t som e frac tion  of 
this increase will occur is very high. In fact, Titus and N arayanan  (1995) have 
recently  p red ic ted  that a total SLR of 0.50m by the year 2100 has a "50/50" 
likelihood of occurring. Such an  increase in  sea level has the po ten tia l to be 
devasta ting  to both  natu ra l and  developed coastal com m unities.
A num ber of responses to cu rren t and  increased sea level rise  tren d s  
have  been  p roposed  (G ornitz, 1991). Barrier island transgression , increased  
nascen t tida l in let form ation , coastal flooding, erosion, in u n d a tio n  and  land
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loss, sa ltw a te r  in tru s io n  in to  e s tu a rie s  an d  g ro u n d w a te r , s to rm  su rg e  
am plification , w e tlan d  losses, and  changes in  the com m unity  s tru c tu re  of 
flora and  fauna are som e of the possib ilities th a t m ay affect the M id- and  
S ou theastern - A tlantic  coast of N orth  A m erica, for exam ple (C arter, 1988; 
M organ , 1989; T itu s, 1990). These p o ssib ilitie s  are  a fu n c tio n  of the  
sed im en tary  geology of th is region; o ther regions m ay have very  d ifferen t 
responses or concerns.
IV. Policy Options:
The identification  of valid  policy op tions that m ay m itigate  the 
p o ten tia lly  catastroph ic  effects of increased  sea level rise is a recogn ized  
necessity  for coastal m anagers (Schneider, 1989). This is especially tru e  for 
CHN S, w here  several na tu ra l and  cu ltu ral resources m ay be im pacted , and  
w h ere  the  p ro sp ec ts  for h u m an  in te rv en tio n  for coastal p ro tec tio n  are  
h istorically  w ell-founded . The p ro tection  of the  area's fragile sa lt m arshes 
w ill help  to assure the health  of the estuarine  system  and  the stab ility  of the 
coast. H ow ever, as the  p ro tec tio n  of som e resources can be m u tu a lly  
exclusive, policy m akers m ust often choose their goals carefully. C om piling  
in fo rm ation  on the consequences of actions specific to the resources of the 
region is an essential elem ent in the m anagem ent process (_____ , 1992).
Policy options vary  w ith  the ow nership  of the land  and the goals of the 
policy m akers. O n federal lands w ith in  the study  site, a nationw ide NPS goal 
of "let na tu re  take its course" m ay influence the options chosen (Collier, pers. 
com m ., 1994). M ore im m ed ia te  concerns m ay dom inate  the ba lanc ing  of 
considera tions. This has been  the case in the  p ast as exem plified  by  the  
fortification—by sand bags and groins— of the beach in front of C ape H atte ras
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Lighthouse. H ow ever, new  p lans to relocate the lighthouse indicate the w ill 
of NPS p a rk  M anagers to abide by  the federal NPS s tan d ard  as w ell as an 
u n d e rs ta n d in g  th a t sho re line  stab iliza tion  is a tem p o rary  an d  expensive  
so lu tion  (St. A m and, 1991).
O n p riva te  land , hom eow ners usually  op t to h a rd en  their shorelines 
against erosion. O n a transg ressing  coast, though , bu lkheads offer on ly  a 
tem porary  solution. H ow ever, they are often long-lived enough  to w a rran t 
th e ir construction  and  repair. Som e coastal m anagem en t stra teg is ts  have  
p roposed  m ethods of coercing p rivate  landow ners on coastal barriers to those 
barrie rs  to m igrate  u n d e rn ea th  the existing struc tu res (Titus, 1991). U n d er 
c u rre n t law  th is w ou ld  m ost likely  be considered  a "legislative tak ing"; 
obv iously , the p resen t sta te  of coastal p ro p e rty  righ ts w ou ld  have  to be 
rethought. Even so, the options of private  citizens concerned w ith  p ro tec ting  
their ow n p roperty  are m ore lim ited than  federal agents charged w ith  a t once 
p ro tec ting  and  p rov id ing  access to p ristine  na tu ra l environm ents.
V. Population:
O ver 50% of the US popu lation  lives w ith in  50 km  of the ocean 
coast. M any  sp en d  the  su m m er m o n th s in second  hom es in  b each  
com m unities. The ever increasing  p o p u la tio n  of p e rm an en t and  seasonal 
re s id en ts  has b een  p u ttin g  u n su s ta in ab le  p ressu re s  on  the cu ltu ra l and  
n a tu ra l resources of barrier islands and  other coasts for decades; the situation  
seem s to be escalating. The num ber of coastal inhab itan ts, bo th  p e rm an en t 
an d  seasonal, is expec ted  to co n tin u e  to clim b th ro u g h o u t the  n a tio n  
(C ullinton, et al., 1989).
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The curren t influx of people  to the coasts am plifies the need  for so u n d  
m an ag em en t of coastal resources. This is true  regard less of the reg iona l 
effects of SLR, b u t m ay be considered u n d er the sam e context. P reserv ing  the 
n a tu ra l system s of coastlines has m ore than  just n a tu ra l benefits. In  fact, 
m o st m an a g e m e n t in te re s ts  in  co asta l p ro cesses  are  d r iv e n  n o t b y  
p rese rv a tio n  ideals, b u t by  the econom ic activ ity  tha t occurs a t the  sho re  
(Titus, 1991). In this regard , the area's salt m arshes m ost im portan t function  
m ay be as nu rsery  g rounds for the m any  fish, b irds and crustaceans th a t are 
econom ically  valuable.
O n the  O u te r Banks, p o p u la tio n  g ro w th  in term s of p e rm a n e n t 
re s id e n ts  is s ligh t. H o w ev er, the  g ro w th  of seasonal re s id e n ts  a n d  
construction  of second hom es is w idespread . The resource m ost im pacted  by 
this type of grow th  is land area, though  in the sum m er m onths the stra in  on 
local w ater supply , in frastructure , and fisheries increases dram atically . W ith  
new  hom es and bulkheads being  bu ilt on the new ly popu lar and  less erosive 
Pam lico  Sound shoreline , the  choices m ade  by  p riv a te  lan d o w n ers  m ay  
seriously  im pact the total am ount of m arshes affected by SLRe-
VI. Summary:
The factors d iscussed  above lend  an im p o rtan t m an ag em en t 
aspect to this project. The in teraction of land  and sea, as exem plified by  tida l 
sa lt m arshes, has long  been  in te res tin g  to the scientific and  rec rea tio n a l 
observer alike. In th is p a rticu la r case, it has ram ifications tha t m ay  affect 
those  w ith  no in te res t in sa lt m arshes at all. H om eow ners, fisherm en , 
b irdw atchers and beachgoers m ay each be affected by a catastrophic decline in  
the am oun t of salt m arshes in  and  a round  CHNS.
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A project of this type is necessarily  in terd iscip linary . Investiga tions 
in to  salt m arsh  species e levation  and  d istribu tion , and  Pam lico Sound m ean  
sea level are fundam ental. Reliance on  the assim ilation  of da ta  com piled  in 
o ther stud ies for indirectly  related  pu rposes is also required . The in teractions 
of these  factors are too com plex to be fully accounted  for. T herefore, the 
deve lopm en t of a sim plified  risk assessm ent w hich  can be m an ip u la ted  as 
m ore in fo rm ation  is learned  rep resen ts  a p referab le  m eans for e s tim a tin g  
im p acts  u p o n  w h ich  p red ic tio n s  are  based . A lso, the d e v e lo p m e n t of 
G eog raph ic  In fo rm ation  System s (GIS) d a tab ases  allow  for site-spec ific  
de term inations to be recorded and  reta ined  for evaluation.
METHODS
This project relies on the sim plified rela tionsh ip  betw een  m arsh  
surface elevation and  m ean sea level to analyze the effects of sea level rise on 
the salt m arshes of CHNS. The basic prem ise is that any area of salt m arsh  
th a t becom es in u n d a ted  a t m ean  sea level cond itions w ill e v en tu a lly  be 
converted  to open  w ater. For the po ten tia l m itigating  effects of sa lt m arsh  
ev o lu tio n  to be considered , the  assessm ent of the factors in fluencing  salt 
m arsh  accretion and extension m ust be m ade. H ow  these factors change w ith  
location  and  policy op tion  w ith in  the s tu d y  site is an  ad d itio n a l concern. 
Since m uch  of the analysis deals w ith  processes w hose effects— abso lu te  or 
re la tiv e— are still m ostly  u n k n o w n , several a ssu m p tio n s are req u ire d  to 
m ain tain  a degree of sim plicity  in this study. These sim plifying assum ptions 
are catalogued in Table 2.
D irect obse rva tion  by  field  s tu d y  of the physical p h en o m en a  th a t 
influence salt m arsh  evolu tion  is beyond the scope of this project. Therefore, 
factors such  as p ea t accum ulation  and  sed im en t im p o rt w ill be estim ated  
u s in g  d a ta  available from  the cu rren t lite ra tu re . This in fo rm ation  w ill be 
considered  in  conjunction w ith  observations from  rem ote sensing  d a ta  and  
in  th e  fie ld  to e s tim a te  w e tla n d  losses u n d e r  v a rio u s  p o licy  o p tio n  
com binations ("m anagem ent scenarios") and  degrees of SLRp.
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To achieve this goal, a tw o distinct GISs are utilized. A dditionally , field 
su rveys estim ate the elevation of salt m arsh  species and  p rov ide in fo rm ation  
on  local m ean  sea level. R em ote sensing  enables the  com pila tion  of an  
in te n s iv e  s ite -spec ific  in v e n to ry  of d o m in a n t sa lt m a rsh  v e g e ta tiv e  
co m m u n ities . The in te g ra tio n  of GIS tools, rem o te  sensing  a n d  fie ld  
observations provides an ideal m eans for exam ining spatial relationsh ips th a t 
vary  on sm all scales.
G iven  the h igh  level of u n certa in ty  in p red ic tin g  the ou tcom es of 
m an ag em en t policies, d ifferen t op tions are exp lo red  in com bination ; th is 
a llow s for a com parison  of the  rela tive  effects of n um erous "m anagem ent 
scenarios." P red ic tions for SLRp v a ry  as w ell; therefo re , sev era l SLRp 
possib ilities are exam ined and  com pared . In o rder to facilitate com parison  
w ith  p rev ious research, chosen SLRp values correlate w ith  those com m only 
used  in the practice of estim ating SLR im pacts on coastal w etlands. The m ost 
com m on analyses rely an estim ates for the next 100 years (Lee, et al, 1992). 
This s tu d y  does as w ell. SLRp estim ates chosen rep resen t the  sea level 
increase after 100 years.
The p a ram ete rs  th a t in fluence  m arsh  evo lu tion  are e stim ated  and  
app lied  on  a site-by-site basis u sing  a vector-based GIS. A fram ew ork  for 
decid ing  the im portance of these param eters and their interaction w ith  policy 
o p tio n s  is d ev e lo p ed  w ith  an  eye to w ard s  flex ib ility  and  co n serv a tiv e  
estim ates. This fram ew ork proceeds th rough  a stepw ise analysis of four key 
determ inations: process identification, influence and  d istribution , and  policy 
effects. Once all possibilities are identified , ranked , and  com bined, the  risk
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assessm en t fram ew ork  is in co rp o ra ted  w ith  the im age analysis and  field  
su rveys.
The follow ing is a brief synopsis of the m ethod utilized:
Field Surveys:
• the d istribu tion  and elevation (to NGVD29) of each d o m in an t
salt m arsh species is estim ated by field surveys.
• the position of m ean sea level (to NGVD29) for Pam lico
Sound is estim ated in situ and by com parison w ith  
existing N ational Ocean Service (NOS) data.
• species elevations are corrected to MSL.
Im age In terpretation:
• the d istribution  of the identified dom inant m arsh  species
w ith in  each "process class" in the study  site is inven to ried  
using rem ote sensing and raster-GIS spectral-based im age 
analysis.
Risk A ssessm ent Fram ew ork (see Figure 2):
• ow nership of land is determ ined
• physical processes identified, ranked as com ponents of salt
m arshes' ability to resist sea level rise, and assessed for 
d istribu tion  relative to study  site spatial dim ensions.
• regions w ithin  the study  site are g rouped  into "process
classes" w hich represen t all possible com binations of 
available physical processes. Process class d istribu tion  is 
identified using  vector GIS.
• policy options and their effects on physical processes are
identified and  com bined into all possible "m anagem ent 
scenarios."
• Sea Level Rise- Resistance Factor (SL R rf) is determ ined for
"process classes" u n d e r the various "m anagem ent 
scenarios" by  com bining the available process influences .
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• SLRrf is com bined w ith  SLRc and SLRp estim ates to
determ ine  a "m anagem ent scenario"—specific re la tive  sea
level rise (SLRr) for each process class.
Tallying Losses:
• the areal extent of elevations in each process class is extracted
from  the species inventory  and  species elevation
estim ates.
• Relative sea level rise (SLRr) is subtracted  from  the cu rren t
e levations.
• areal extent of rem ain ing  species (those w ith  elevations
still above MSL) is determ ined for each process class.
• percent of salt m arsh  lost for each SLRp and "m anagem ent
scenario" is de term ined  by:
16 16
A rea (original) - A rea (lost)
% LOST = 100 * process class= 1 1
16
A rea (original)
l
The p e rcen t of salt m arsh  lost is de te rm ined  for each m an ag em en t 
scenario  u n d e r each chosen SLRP. The effects of "m anagem ent scenarios" 
w ill be com pared  and assessed for im pacts on salt m arsh  developm ent. The 
im p lem en ta tio n  of favorable policy  op tions w ill then  be d iscussed  in  the 
con tex t of ex isting  or suggested  federal, state, and  local leg islation . The 
feasibility and legality of suggested m easures will also be considered.
A m ore detailed review  of the m aterials used and the steps essential to 
the above process is p resen ted  in  the follow ing sections.
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1. Materials:
All tools and  equ ipm en t u tilized  in this project w ere p ro v id ed  by  the 
D epartm en t of Resource M anagem ent and Policy (RMAP), School of M arine 
Science, V irg in ia  In s titu te  of M arine  Science (SM S/V IM S), except w h ere  
o therw ise  noted.
Surveying:
Species positions (horizontal and vertical) w ere leveled u sin g  a 
T O PC O N ®  GTS- 301B Total G eodetic Station w ith  tripod , p rism  and  range 
pole. The vertical reso lu tion  of this equ ipm ent is on the o rder of +/-0.5 cm. 
S e m i-p e rm a n en t b a se lin e s  w ere  e s ta b lish e d  w ith  1 /2  inch  d ia m e te r  
galvanized  steel tubing  w hich  w ere retrieved after com pletion of each survey. 
T rim b le®  G lobal P osition ing  System s (GPS) receivers w ere  u sed  to link  
baseline  positions to USGS- N ational G eodetic Survey  (NGS) benchm arks. 
GPS softw are w as em ployed to correlate position readings of the receivers to a 
com m on datum -- the N ational G eodetic Vertical D atum  of 1929 (NGVD29). 
NGVD29 w as used  a level d a tu m  to relate all sites to a com m on vertica l 
p lane . NGVD29 is n o t assum ed  to rep resen t M ean Sea Level (MSL) for 
Pam lico Sound (Hicks, 1989).
Tide Gauge:
A Fisher-Porter m echanically  recording, float-in-w ell w ater level 
gau g e  w as u sed  to d e te rm in e  m ean  sea level for Pam lico Sound. This 
e q u ip m en t punches holes in  spooled , foil-backed p a p e r in  p re -d e te rm in ed  
in tervals. The gauge itself w as positioned  atop a galvan ized  steel tripod  and  
reco rded  the position  of a ho llow  6" d iam eter steel ball th a t floats on  the 
w a ter surface inside a PVC tube w ith in  the tripod . A tide staff w as u sed  to
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m an u a lly  calibrate  the gauge to a k now n  sta rting  position  an d  to confirm  
accurate read ings du ring  m ain tenance checks. This equipm ent w as p ro v id ed  
by  the D epartm en t of Physical Sciences, SM S/VIM S. The actual p o sitio n  of 
the tide gauge relative to NGVD29 w as to be determ ined using Trimble® GPS, 
and  GPS software.
G eographic Inform ation  Systems:
Tw o GIS so ftw are  packages w ere  u sed  in c o m b in a tio n  to 
p rov ide  the spatial analysis and  process availability analysis necessary. Each 
package is established on a UNIX® netw ork  platform  w ith  the Sun® o p e ra tin g  
system  and specializes in a d ifferent m ethod  of landscape analysis. ERDAS® 
is a raster-based system  w hich encodes areas as a series of equally sized square  
cells. This m ethod  of spatia l analysis is useful for the analysis of rem ote ly  
sensed  data  (aerial pho tog raphy , in this case) called "image classification" or 
in te rp re ta tio n  w here  spectra l d a ta  is converted  in to  m ean ingfu l lan d scap e  
feature data  (Hobbs and Shennan, 1986). Arc-INFO® is a vector based  system  
w hich  m aintains a digital record of series of inter-connected lines w hich  form  
polygons w hose contents can be m anually  coded for any num ber of a ttribu tes 
(e.g. lan d -u se /lan d -co v er, ow nersh ip). This m ethod is especially usefu l for 
e n co d in g  in fo rm a tio n  on  b o u n d a rie s  and  shore lines and  for m e a su rin g  
distances. Both GISs are capable of m an ipu lating  and storing large quan tities 
of in fo rm ation  in their d ig ita l da tabases, and  can be in terfaced  w ith  each 
o ther.
A erial Photography:
R em ote sen sin g  is com m only  a p p lied  in pro jec ts in v o lv in g  
sp a tia l analy sis . The ap p lica b ility  of rem o te  sen sin g  in  d e te rm in in g
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vegetative  com m unities in salt m arshes has been established, and  em ployed  
in  sim ilar projects (Hobbs and  Shennan, 1986; Lee, et. al. 1992). In this project, 
h ig h  a ltitude , color in frared  aerial p h o tog raphs (1:32000) w ere scanned  in to  
the UNIX® system . A total of 23 overlapping  photographs covered the area of 
the s tu d y  site. The photos w ere taken in June 1991 to represent a "full flower" 
v eg e ta tio n  p eak  of the  reg ion 's  vege ta tive  resources. The p h o to s  w ere  
e x tra c ted  from  the  RM A P d ig ita l tap e  a rch iv e , and  su b se tte d  from  
"m osaicked" files back into ind iv idual photos using  ERDAS® com m ands.
II. Marsh Characterization:
The sa lt m arsh es of the  s tu d y  site  w ere  ch a rac te rized  for 
dom inan t species or com m unity  type and  their average elevations rela tive  to 
the com m on da tu m  (NGVD29). Three sam pling sites w ere chosen w ith in  the 
area based  on varie ty  of perce ived  sed im en ta ry  processes, v a riab ility  of 
ow nersh ip , and  accessibility by land. The goal w as to achieve the g rea tes t 
v a rie ty  of sam p led  m arshes w hile  m ain ta in in g  the  ability  to th o ro u g h ly  
su rv ey  each of them . All m arshes w ere  su rveyed  w ith in  a th ree  m o n th  
period  in Spring 1994 (M arch, A pril, May).
A m in im um  of seven  transac ts w ere sam p led  p e rp en d icu la r to the 
sh o re lin e  in  each  m arshes. T ransects have been  h isto rica lly  "usefu l to 
ind ica te  tran sitions in  vegetation ... on slopes contain ing  d ifferen t zones of 
v eg e ta tio n  (Phillips, 1959)." The transects w ere  ru n  from  the v e g e ta ted  
sh o re lin e  to the  u p la n d /w e tla n d  tran s itio n  zone (u su a lly  d e n o te d  by  
sc ru b /sh ru b  species) at ~5 m eter intervals, depend ing  on the geom etry  of the 
m arsh . A pproxim ately  140 sam ple po in ts w ere taken in each m arsh.
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The e levations and  h o rizo n ta l positions w ere  leveled  u sin g  d ig ita l 
leveling equ ipm en t and  m ethods that are often app lied  in beach profiling , or 
land  su rvey ing  in general (O ertel, et al., 1979). Range poles w ere  m odified  
w ith  cork bush ings so that their po in ted  tips w ould  no t sink below  the m arsh  
surface. D om inan t sa lt m arsh  species or com m unities w ere  e stim ated  as 
p o in t sam ples at their leveled positions along each transect.
The charac teriza tion  in fo rm ation  from  each in d iv id u a l m arshes w as 
com bined to construct a "com posite m arsh"; the com posite is a rep resen ta tion  
of the  abundance  and  elevation  of the residen t p lan t species of any  g iven  
m arsh  w ith in  the CHN S system . The vegetation  da ta  p ro v id ed  the species 
specific  e le v a tio n s  to w h ic h  SL R r estim ates  are  su b tra c te d  an d  the  
com m unity  s tru c tu re  da ta  necessary  to aid the im age classification g ro u n d  
tru th in g .
III. Mean Sea Level Characterization:
The w ater level of Pam lico Sound w as exam ined in situ w ith  the 
installation  of a tide gauge a t a private  residence in A von, NC. This location 
w as approx im ate ly  equ id is tan t from , and  far from  the influences of, O regon 
and  H a tte ras  In lets on a fairly  open shoreline. W ater level read ings w ere  
recorded at 6 m inute intervals for a period  of 83 days beginning M ay 17, 1994. 
D ata w as transcribed  from  punch-tape  to sp readshee t form , subsam pled  for 
h ou rly  observations, and  analyzed for m ean sea level. M ean sea level (MSL) 
w as analyzed using  a sim ultaneous com parison m ethod w ith  a long term  tide 
gauge record  w hich  included  the sam e period  as the installed  device. This 
da ta  w as ob tained  from  NOS. H ourly  observations for the period  June 1 to
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June 30, 1994 w ere com pared . The control tide station for the D uck Pier da ta  
w as H am pton  Roads, Va.; the tidal epoch w as 1960-1978.
In addition , com parisons w ere  m ade betw een NGVD29 and  MSL for 
tide  gauges installed  in and  n ear CHNS for periods w ith in  the p ast 20 years. 
This da ta  w as also ob tained  from  the N ational Ocean Survey. T idal d a tum s 
w ere  ob tained  for D uck P ier (ocean shore), O regon Inlet, A von P ier (ocean), 
H a tte ra s  P ier (2) (ocean sh o re ), and  R odan the  (Pam lico S ound  sho re ), 
O cracoke (Pamlico Sound shore). This com parison allow ed for a reasonable 
descrip tion  of m ean sea level relative to the com m on da tum  (NGVD29) such  
tha t corrections could be m ade to the species elevations.
IV. Salt Marsh Inventory:
The inven to ry  of salt m arsh  p lan t com m unity  locations for the 
en tire  s tu d y  site w as perfo rm ed  using  ERDAS® spectral classification of the 
aerial photography. Ind iv idual scanned photos w ere classified as d iscrete files 
u sing  cluster analysis of pixel reflectance signatures. This allow ed for finer 
reso lu tion  of pixels and  e lim ina ted  spectral d isto rtions resu lting  from  the 
c u rv a tu re  of the  E arth  an d  v a ria tio n s in the angle of the  sun . O ften , 
in d iv id u a l photos w ere c lipped  in to  sections and classified in pieces w hich  
w ere re-stitched after classification.
The classifications w ere perfo rm ed  only on the areas of the ind iv idua l 
p h o to s contain ing  salt m arshes (using  A rea of In terest (AOI) and  SUBSET 
com m ands). The sc ru b /sh ru b  line w as used  as the u p lan d  b o u n d a ry  and  
o p en  w ater as the seaw ard  b o u n d a ry . C oding  of the salt m arsh es in to  
d o m in a n t species w as accom plished  w ith  an u n su p e rv ised  c lassifica tion
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schem e com bined w ith  post-classification user-defined clustering. C lusters of 
s im ila r p ixels w ere  iden tified  sta tistica lly  (using  the ERDAS® ISO D A TA  
a lgo rithm ), then  g ro u p ed  fu rth e r  by the analyst (using  RECODE). This 
m ethod  w as able to resolve fine differences in the pixel (~ lm 2 cell) s igna tu res 
to reflect the spec ies/co m m u n ity  changes in the m arshes. This phase  of the 
GIS analysis generated  digital m aps containing cells coded for m arsh  species 
fo r the  en tire  s tu d y  site. The d ig ita l m aps (or T hem atic  L ayers) w ere  
"stitched" (using  M OSAIC), resu ltin g  in 11 conglom erate  files of them atic  
layers.
These digital m aps w ere analyzed for spatial extent (in hectares) of each 
species and, therefore, each elevation. ERDAS® system  com m ands tallied  the 
area of like-coded cells resulting  in a total area occupied by such cells over the 
entire s tu d y  area. The values for each species class in every pho to  w ere  then  
ta b u la te d  to get a re p re se n ta tio n  of th e  to ta l a rea  o ccu p ied  b y  a 
sp ec ies/co m m u n ity  type in specific regions ("process classes" from  the  Risk 
A ssessm ent) across the s tu d y  site. Since each sp ec ies/co m m u n ity  type  w as 
associated  w ith  an average e levation , the to tal area of sa lt m arsh  at each  
observed  average elevation w as inventoried.
V. Risk Assessment:
In  o rder to consider the po ten tia l m itigating  affects of m arsh  
evo lu tion , the  estim ation  of the im portance, d is tribu tion  and  availab ility  of 
sed im en t sources w as u n d e rtak en . Such factors a llow  m arshes to res is t 
in u n d a tio n  and  conversion  to open  w a te r by  m ain ta in in g  th e ir  v e rtica l 
re la tio n sh ip  to MSL (Kelley, e t al, 1995). U n fo rtu n a te ly , coasta l b a rr ie r  
p rocesses are often coupled  or o therw ise in terrelated  and m ay take years of
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sam pling  to quantify  accurately (H ayden and  Dolan, 1979). The role of such  
sed im en t sources in  back-barrier salt m arsh  ontogeny  cannot be sufficien tly  
sam p led  and  defined  in  this project. In add ition , research p resen ted  in  the 
lite ra tu re  has n o t d irec tly  defined  the  availab ility  and  im portance  of the  
iden tified  processes to salt m arsh  evolu tion , or how  they  m ay influence the 
d evelopm en t of m arshes under various SLRp scenarios.
T he re la tiv e  im p o rtan c e  an d  d is tr ib u tio n  of these  so u rces  w as 
estim ated  u sin g  the in fo rm ation  availab le  (Table 3). For th is reason , the  
follow ing design is in tended  to operate  as a fram ew ork w hich can be u p d a te d  
and  altered  as m ore is learned  of these processes and  their influences on  salt 
m a rs h  d e v e lo p m e n t. T he ra n k in g  of s e d im e n t so u rc e s  a n d  th e  
de te rm ina tion  of their availability  is som ew hat speculative. The varia tions 
b e tw ee n  the  in fluence  of the sou rces are  re la tive , b u t are  m a in ta in e d  
th ro u g h o u t the s tu d y  site. The d is trib u tio n  of a source 's availab ility  also 
m ain tains its re la tionsh ip  to the re levan t barrie r d im ensions de te rm ined  for 
all reg ions w ith in  the area stud ied . A n effort has been m ade to m ain ta in  a 
sim ple rep resen ta tion  of com plex relationsh ips so that the fram ew ork  is n o t 
obscured by such complexity.
The Fram ew ork:
This fram ew ork  (Figure 2) serves as a m eans to com pare  the 
abilities of processes to p rov ide  substra te  such that salt m arshes m ay m itigate  
sea level increases and to com pile process effects on a site-specific basis u n d e r 
v a rio u s  m anagem en t scenarios. Iden tified  processes are ju d g ed  for th e ir 
p o ten tia l influence and distribution. This results in an estim ate of a p rocess 's  
gross m itigating  effect w hich identifies the naturally  occurring im pact th a t an
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available source m ay have. The effect of identified  policy op tions w ere then  
ranked  and  com bined w ith  the  process inform ation to achieve a ne t effect on 
a site and policy specific basis. This n e t effect is called the Sea Level Rise-- 
R esistance Factor (SLRrf) as defined  in  Table 1; it incorporates the vario u s 
possib le  com binations of sed im en t sources and  policy  op tions th a t ex ist in 
such  an  active sed im entary  (and  h igh ly  m anaged) environm ent. The S L R rf 
for any  g iven  reach is likely to be an overestim ate of that reaches ability  to 
m a in ta in  sa lt m arsh  a rea  g iven  a certa in  SLR; th is e n su re s  th a t the  
p red ictions based u p o n  an SLR-RF are conservative in nature.
Processes:
The influence of a process is determ ined  as its relative ability  to 
p rov ide  substrate  for a m arsh  to accrete or laterally  extend a specific am ount. 
This am ount w as arbitrarily  defined as an am ount sufficient to resist a specific 
SLR increm ent. For sim plification, the SLR rate chosen as the base increm ent 
(SLRc) is an estim ate of the current, or historical, rate. Identified sources w ill 
be ranked  according to their m axim um  contribution relative to this rate. For 
exam ple, an available process tha t can contribute 15cm /100yr of "resistance" 
(by accretion and extension) will have a 1:1 ratio w ith a 15cm /100yr rate  of sea 
level rise; such a sea level rise w ill be resisted in that area and there w ill be no 
n e t relative sea level rise (SL R r = 0). If o ther processes are available in tha t 
a rea , th e ir co n trib u tio n  w ill be  a d d e d  to the  to ta l. This m a n ip u la tio n  
assum es an add itive  n a tu re  of sed im en t sources a lthough  it is un like ly  tha t 
the na tu ra l system  behaves in  this way.
The determ ination  of a p rocess 's  influence to accretion and  ex tension  
w as deriv ed  from  estim ates fo und  in  the  lite ra tu re . In th is realm , m uch
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m ore is know n of accretion than  extension. H ow ever, quan tita tive  evidence 
on  the relative im portance of various sources is lacking for bo th  accretion and  
ex tension . The d e te rm in a tio n  of in fluence  is a com bination  of the  tw o. 
T herefore, the S L R rf th a t is derived  from  the ranking  of available influences 
is no t a straigh tforw ard  estim ate of accretion potential, b u t an estim ate of how  
specific reaches of m arsh  m ay m ain ta in  their areal ex tent by  con tinu ing  to 
evolve m orphologically-- vertically  and laterally— as sea level rises.
The distr ibut ion  of a p rocess is sim ply  the ho rizon ta l ex ten t of its 
influence. This depends on the d im ensions of the barrier in a pa rticu lar area. 
D istribu tion  is lim ited to those areas tha t feel the entire influence of a source. 
In  the n a tu ra l system , there is certain ly  a g radual decline of influence w ith  
d istance  from  a source. In th is fram ew ork , those areas w ith in  a source 's  
d is tr ib u tio n  range are  fu lly  affected  by  its influence. This fram ew o rk  
assum es, then, that a source's influence is p resent in its full am oun t or n o t at 
all (see Table 2, #2). The param eters for determ ining  the horizon tal lim its of 
a so u rce 's  influences on m arsh  sed im en ta tion  are largely unknow n. H ence, 
the  availab ility  of a process is based  on best estim ates com piled  from  the 
scientific inform ation  on the occurrence, or location, of the sources and  their 
po ten tia l realm s of influence.
The availability  of various processes due  to their spatia l d is trib u tio n s 
w ill resu lt in a n u m b er of areas of w ith  un ique  com binations of availab le  
p rocesses. Since a process is e stim ated  to occur in full o r n o t at all, the  
question  of its availability  can be answ ered  by a sim ple yes or no. T hat is, 
there  are tw o possible answ ers for each identified  process. In add ition , each 
p rocess m ay  occur on federa l o r p riv a te  lands; therefore , the q uestion  of
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w here a com bination of processes occurs can be answ ered in only tw o possib le 
w ays. The m eth o d  em p lo y ed  in  th is  s tu d y  d ic ta tes  th a t all possible 
combinations of processes be considered. These are be g rouped  in to  "process 
classes" w hich  are un ique  com binations of processes u n d e r each o w n ersh ip  
possibility . Each process class is de term ined  by  vector analysis and  encoded  
in to  the ARCInfo GIS database.
Policies:
The in f luence  and  d is t r ib u t io n  of po licy  o p tio n s  w as a lso  
d e te rm in ed  for th is fram ew ork . This process is sim ilar to the above, b u t 
m ore speculative . In o rder to m ain ta in  sim plicity , the assessm ents in  th is 
section  w ill follow  closely those of the process influence and  d is tr ib u tio n  
determ inations. Policy op tions identified  as cu rren t or m ost likely to occur 
w ill be  em ployed  in th is analysis; w h ile  o thers m ay exist, th e ir in c lu sio n  
could  in troduce  unw arran ted  com plexity into the analysis.
T he influence of a policy option  on a source is assum ed to be absolute; 
a policy op tion  w hose effect is to d im in ish  a source will do so entirely . The 
resu lt is th a t a source that w o u ld  o therw ise  have a rank  of 1.0 w ill h av e  a 
rank  of zero if it is affected by a m anagem ent decision. It is no t likely for 
m anagers to have  such  abso lu te  p o w er over n a tu ra l forces; how ever, th is 
assum ption  is no t w holly inconsistent w ith  the in ten t of a particu lar policy.
The distribution  of a policy  op tion  is sim ply  the location(s) w h ere  it 
w ill be in effect. Since policy options change w ith  the ow nership  of the land , 
the po ten tial "location" of a policy option differs w ith  ow nership. Also, som e 
policy options sim ply do no t apply  in som e areas. Therefore, the d istribu tion
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of policy options is also site specific, and  depends on bo th  barrier d im ensions 
(process d istribution) and land ow nership .
The g ro u p in g  of all possible policy options is identical to th a t of the  
d e te rm ina tion  of the "process classes". Each policy has a d is tribu tion  w hich  
can be queried w ith  only tw o possible outcom es. Since ow nersh ip  of the land  
is also im portan t and  also has tw o only possible answ ers, its de te rm ina tion  is 
considered in the determ ination  of all possible policy option  com binations or, 
sim ply , "m anagem ent scenarios." Each "m anagem ent scenario" iden tifies a 
un ique  com bination of po ten tial policies.
VI. Relative Sea Level Rise (SLRr ):
Relative sea level rise (SLRr) is a site specific com bination of the 
sea level rise scenario (SLRp) chosen and  the SLRrf de term ined  at th a t site 
u n d e r  each "m anagem ent scenario." This value w ill be sub trac ted  from  the 
existing species elevations to give the "post-rise" salt m arsh  elevations. M any 
of the SLRrf, and  thus SLRr, factors w ill be the sam e for a num ber of process 
class and  m anagem en t scenario  com binations; therefore , the  n u m b er of 
com putations for all the com binations w ith in  the entire s tu d y  site is less than  
the m axim um  num ber (128).
Relative sea level rise is the actual am ount of uncom pensated  sea level 
rise against w hich  there is no  fu rther m itigation. SLRr is de term ined  by  the 
fo llow ing equation:
SLRr = SLRp - (SLRrf * SLRC)
w here:
SLRP  equals the SLRe scenario chosen
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SLRrf  is the process class- and  m anagem ent
scenario- specific resistance factor 
SLRc  is the base estim ate of cu rren t sea level rise
VII. Spatial Analysis:
The sp a tia l an a ly s is  o f th is  p ro jec t is a s tra ig h tfo rw a rd  
com bination  of the species (elevation) inven to ry , risk assessm ent, an d  the 
d e te rm in ed  SLRr . The SLRr varies w ith  the SLRp scenario and  the  site  and  
policy-com bination  specific SLRrf, such that each SLRr affects an  inven to ried  
reach of salt m arsh  (in a process class) containing the am ount (in hectares) of 
salt m arsh  species at observed elevations. The SLRr is sub tracted  from  each 
existing average species elevation w ith in  that process class.
Those species w hose ad justed  elevations are below  MSL (elevation  - 
SLRr <= 0.00) are counted as losses to open w ater in the "post-rise" tally, those 
th a t still exist above MSL are not. By sum m ing  the resu lts th ro u g h  each 
process class, an  overall area of sa lt m arsh  lost is found as a fraction  of the 
o rig inal total. This da ta  is com pared  w ith  the curren tly  existing area of salt 
m a rsh  to  d e te rm in e  the area of sa lt m arsh  lost for each "m an ag em en t 
scenario" u n d e r each SLRp scenario. These values w ill then  be com pared  
w ith  each o ther to determ ine the  m ost favorable com bination of policies and  
w ith  o ther studies.
PROCESS INFLUENCE and DISTRIBUTION
This section contains the  in fo rm ation  necessary  to the d e te rm in a tio n  
of S L R rf as defined  by the fram ew ork  described  earlier. The in fo rm atio n  
ad d ressed  here  p rov ides qualita tive  estim ates of identified  processes' overall 
c o n tr ib u tio n s  to S L R rf-  The p rocesses and  p a ram ete rs  chosen  can  be 
m an ipu la ted  to reflect a better unders tan d in g  of salt m arsh  evolution.
Those factors th a t m ost affect the  g row th  and  d ev elopm en t of sa lt 
m arsh es can be n a rro w ed  to a few  d o m in an t processes. R edfield  (1972) 
dete rm ined  that the ontogeny of salt m arshes is effected by a com bination  of 
vertica l and  la tera l g row th . V ertical g ro w th  can be a tta ined  th ro u g h  the  
accum ulation  of organic peat, or by the  incorpora tion  of foreign sed im ents. 
Lateral g row th  can be accom plished by  colonization of nearby  u p lands , or by  
g ro w th  in to  ad jacen t tid a l fla ts (S tevenson, et. al., 1988). The re la tiv e  
im portance  of these evo lu tionary  steps varies w ith  local param eters; those  
tha t are dom inan t w ith in  the s tudy  site are defined in the follow ing sections.
I. Marsh Accretion:
O rganic Peat A ccum ulation:
O rg a n ic  m a te r ia ls  c re a te d  w ith in  th e  m a rsh  a re  o f te n  
d eco m p o sed  in situ and  inco rpo ra ted  into the soil m atrix. This p rocess is 
considered  au tocthonous since the m ateria l is no t im ported  from  an ex ternal 
source. M arshes of all types are able to accrete in this m anner to som e degree.
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The extent of accretion due  to peat accum ulation is often related  to the leng th  
of th e  g ro w in g  seaso n  an d  the  n u tr ie n t  su p p ly . E stim ates o f p e a t 
accum ulation  vary  g rea tly  b e tw een  and  w ith in  regions, and  even w ith in  
m arsh es them selves (S toddart, et. al., 1989). H ow ever, there  is g en era l 
recogn ition  th a t th is p rocess is of considerab le  im portance  to all coasta l 
w e tlands (Kearney and  Stevenson, 1991).
Inorganic Sedim ent E ntrapm ent:
In coastal barrie r salt m arshes, the ad d ition  of sed im en ts from  
external sources is significant (H ackney and C leary, 1987). The vast m ajority  
of these  a llocthonous sed im en ts are inorganic, m ostly  sand  and  silt. The 
sources of sed im en ts im p o rted  to coastal b a rrie r sa lt m arshes have  som e 
com m onality  be tw een  geologically  sim ilar reg ions b u t vary  w ith  location  
w ith in  those regions. O n the O uter Banks, terrigenous sedim ent is p ro v id ed  
by u p lan d  runoff in to  the extensive back-barrier lagoon system  (i.e. Pam lico 
Sound). M arine sedim ents can be p rov ided  subaqueously  th rough  the deltas 
of f lo o d -d o m in a ted  tid a l in le ts, or from  su b area l c ross-sho re  tra n sp o rt 
(overw ash  a n d /o r  aeolian  transport). The d is tribu tion  of these sources is a 
function of island d im ensions and is often affected by  h u m an  actions.
Locally p ro m in en t inorgan ic  sed im en t sources include  O regon  In let 
(m arine sands), H atteras Inlet (m arine sands), Ocracoke Inlet (m arine sands), 
Pam lico sound  (terrestria l silt and  clay) and  the nearsho re  zone and  beach  
(m arine sands). Estim ates of the absolute  relationsh ips of m arine deposition  
cross-shore do exist for the O uter Banks (Pierce, 1969; Inm an and Dolan, 1989). 
W hile quan tita tive  assessm ent of the percent of a total tran spo rt incorpora ted  
into salt marshes has n o t been  m ade, m ention  of this m echanism  is com m on
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th ro u g h o u t the literature (G odfrey and  Godfrey, 1976; H ennigar, 1979; W arren  
an d  N eiring , 1993). U nfortunate ly , a com parison  of the relative im portance  
of th is com bination  of features as allocthonous inorganic sed im en t in p u t to 
m arshes has no t been identified .
The full com plem ent of sed im ents deposited  by any of these processes 
p robab ly  does no t reach the salt m arshes. Though som e fraction con tribu tes 
to the  accretion of nearby  m arshes, m ost of the sed im ents invo lved  in  in let 
tran sp o rt probably  rem ain  subaqueous (Hackney and Cleary, 1987). M uch of 
the sed im ent involved in a single overw ash event is red istribu ted  back to the 
b e a c h /d u n e  system  (L eatherm an, 1979, 1983). O verw ash sands m ay overlay  
m arsh es such  th a t they  can n o t recover and  becom e converted  to u p la n d  
(L eatherm an and Zarem ba, 1987). H ow ever, overw ash has been  iden tified  as 
a necessary  sed im en t source to m arshes in th is area, and  m uch  th a t gets 
overla in  on or near a m arsh  is probably  d istribu ted  w ith in  or adjacent to th a t 
m arsh , especially  w hen  averaged  over a 100 year tim e span  (G odfrey, 1970; 
Kochel and  W am pfler, 1989).
A eolian  (w ind-driven) tran sp o rt of beach and dune  sands p ro v id es a 
m echanism  of this subareal red istribu tion . The m agnitude  of the local w ind  
(com m only 25+ m ph) regim e probably  significantly d istributes d u n e  sands as 
w ell as w ashover sands. O ver long tim e scales (lOOyrs), aeolian tran sp o rt is 
likely an essential e lem ent in the d istribu tion  of beach derived  sed im en ts to 
the  salt m arshes of CHNS. This process m ay account for a significant am oun t 
of the inorganic sedim ents im ported  m arshes from  a nearby dune  and  beach 
system . This com bination  of o v erw ash  even t and  aeo lian  re d is tr ib u tio n
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w arran ts  the coupling  of these processes as one (Kochel and  W am pfler, 1989; 
L eatherm an, 1979).
II. Upland Migration:
C oastal w e tlands have  been  n o ted  to recru it ad jacen t u p la n d  
areas (of low  slope) as sea level encroaches (Gornitz, 1991). O ften they are able 
to m ain tain  their physical re la tionsh ip  w ith  the sea by m igrating  u p lan d  a t a 
rate  equal to (or greater than) SLR (van der Plassche, 1991). In m ost system s, 
th is response is lim ited by  the slope the adjacent land, its soil s truc tu re , and  
its s ta te  of h u m an  developm en t. O ne of the  m ajor concerns for coasta l 
w e tlan d  m anagers along the US coast is tha t m uch of the adjacent u p lan d s  
have  a lready been developed (w ith roads, bulkheads, etc.); recruitable  u p lan d  
m ay no t be available (Titus, 1991). In add ition , w etlands cannot m igrate  fast 
en o u g h  resp o n d  to rap id  rate  of SLR. A pparen tly , a th resho ld  ra te  exists 
beyond  w hich  a m igrating  m arsh  cannot com pensate for trailing  edge losses 
(W anless, et. al., 1994).
U p land  m igration  of m arshes on  coastal barrie rs is m ore com plicated  
than  for those on the m ainland . C onsistent or episodic cross-shore in p u ts  can 
often restric t m igration. In narrow  barrie r regions, a dynam ic equ ilib rium  of 
com m on coastal barrier features exists. Beach, dune, sw ale and m arsh  react to 
physical forces in  concert. In  th is equ ilib rium  the relative position  of each 
fea tu re  rem ains consisten t w ith  the  shore line . It is n o t likely  th a t sa lt 
m arshes w ill significantly invade u p lan d s in  these areas.
The equ ilib rium  sta te  is n o t found  th ro u g h o u t the barrie r is lands of 
CHNS. O n w ide areas of a coastal barrier w here the beach and  m arsh  are no t
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p a rt of an  in teg rated  system , u p lan d  m igration  m ay occur. H igh  g ro u n d  on  
coastal barriers is often a few  m eters or less above sea level; therefore, slope is 
n o t m uch  of a factor. The developed  sta te  of the  u p lan d  is thus the m ain  
contro l of u p lan d  m igration  in  w ider zones. Those areas th a t are h a rd en ed  
against erosion  and  salt m arsh  invasion  are no t susceptib le  to th is process. 
This typically  includes roads and  park ing  lots, or bu ild ings w ith  large in la id  
foundations. B ulkheads, canals and  d ikes p robab ly  have life spans of less 
th an  50 years; therefo re  they  are N O T considered  "hardened  s tru c tu res"  
except u n d e r a specific "U pland Stabilization" m anagem ent schem e.
III. Colonization of  Tidal Flats:
Salt m arsh  evolu tion  also includes lateral extension into 
adjacent tidal flats. This process is sim ilar to up land  m igration. H ow ever, it 
differs in the fundam ental aspect of the elevation of the recruited  lands. A s 
sea level increases, tidal flat colonization will becom e less likely in m ost areas 
because these flats w ill becom e deeper. H ow ever, h igh  sedim entation  in 
certain  areas m ay cause them  to accrete vertically alongside salt m arshes, and  
eventually  be colonized by low  m arsh  species (W ood, et. al., 1989).
In this study , extension into tidal flats w ill be considered as influenced 
by the sam e processes tha t influence inorganic sed im ent en trapm ent. It w ill 
be  in c lu d ed  in  the  S L R r f  u n d e r  the  co n cep tu a l p rem ise  th a t w h e re  
a llocthonous sed im en ts are con trib u tin g  to vertica l g row th , they  are also 
contribu ting  to lateral g row th  to som e extent. The practical application of th is 
concept is th a t the  estim ate  of a so u rce 's  in fluence  to  accretion  w ill be  
pu rp o se fu lly  overestim ated  to account for this add itiona l feature. W ithou t 
in fo rm a tio n  on  a "co m p o s ite "  b a s in  h y p so m e try  for th is  reg io n , no
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reaso n ab le  estim ate  of th is p h en o m en o n  can be ap p lied . H o w ev er, its 
po ten tial for im pact can be inferred  w ith in  that of accretion.
IV. The Estimates:
The identified  param eters tha t contribute to a m arshes ability  to 
resist SLR are accretion, u p la n d  m igration , and  tidal flat co lon ization . Of 
th ese  p a ra m e te rs , sev e ra l p ro cesses  com bine  to c o n tr ib u te  th e  g ro ss  
m itigation  effect. These have been  identified  as peat accum ulation, estuarine  
inorgan ic  sed im entation , in let based  inorganic sed im enta tion , w ashover and  
a e o lia n  fo rced  in o rg a n ic  se d im e n ta tio n , an d  u p la n d  m ig ra tio n . A 
com pila tion  of the ex isting  lite ra tu re  concern ing  ranges of m itig a tio n  by  
certain  processes is show n in Table 4.
The fram ew ork  d escrib ed  p rev io u s ly  calls for a ran k in g  of these  
p rocesses relative to a base SLR increm ent (SLRc). This base increm en t is 
chosen  an estim ation of the cu rren t SLR rate. Estim ates of th is rate  abound , 
b u t center betw een 20 and  30 c m / 100 years. A rate  of 25cm / 100 years is 
sufficien tly  w ith in  the range of the  estim ates and  p rov ides a good s ta rtin g  
po in t. The influence of each process w ill be assessed relative to an  SLRc of 
25cm /100 years.
For sim plicity, som e processes can be coupled based the sim ple fact that 
their d istribu tions are equal. This can be done for bo th  the o v e rw ash /aeo lian  
couplet and peat a ccu m u la tio n /so u n d  based terrestrial inorganics couplet. As 
long  as the p rocess d is trib u tio n s and  the affecting policies, if any, are the  
sam e, the analysis benefits from  the sim plification.
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Peat A ccum ulation and  Pam lico Sound Inorganics:
The com bination of p ea t accum ulation and terrestria l ino rgan ics 
is a ssig n ed  an  influence of 1.0. T heir d is trib u tio n  is likely  to be  equal 
everyw here , since m icroclim ate, Pam lico Sound circulation  and  su sp e n d e d  
so lid  concen tra tion  p robab ly  d o n 't d iffer appreciab ly  w ith  location. Since 
the ir d istribu tion  is equal, their coup ling  is justified. For reference, how ever, 
a g rea te r p ro p o rtio n  of the  assigned  influence is considered  d u e  to p e a t 
fo rm a tio n  (.60), w ith  the  re m a in in g  .40 of in flu en ce  ( l .O m m /y e a r  of 
resistance) reserved  for terrestria l inorganics. This is im p o rtan t to consider 
w h en  com paring  process influences.
Inlet Dynam ics:
In let dynam ics, the subaqueous im port of m arine inorgan ics is 
assessed  an influence of 1.0. In le ts are the  p rim ary  m ode of cross-sho re  
se d im e n t tra n s p o rt  and  b a rr ie r  is lan d  tran sg re ss io n  (L ea th e rm an  an d  
Z arem ba, 1986). The presence  of ex tensive salt m arshes n ear in le ts are a 
testam en t to this influence. H ackney and  C leary (1987) found that 56% of the 
b u lk  d en sity  of a salt m arsh  soil m atrix  2 km  from  an in le t w as m arine  
inorgan ics, and  90% of the b u lk  d en sity  w as of m arine o rig in  in m arshes 
adjacent to a flood tidal inlet. The influence assigned here also considers the 
sed im enta tion  of nearby tidal flats.
The d is trib u tio n  of the  in fluence  of tida l in lets is set a t 5km . The 
ra tionale  for th is value com e from  the above concepts p lus the inclusion  of 
the  possibility  of inlet m igration  over the next 100 years. Five kilom eters m ay 
overestim ate  the d is trib u tio n  of an  in le t's d istribu tion . H ow ever, estim ates 
of th is range are no t available in the literature. Therefore, all m arshes w ith in
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this 5 km  lim it are afforded the influence of the nearest tidal inlet. All those 
fu r th e r  th a n  5km  are  n o t. W hen  co m b in ed  w ith  the  in flu e n ce  of 
au tocthonous sedim ents and  terrestria l inorganics, m arshes adjacent to a tidal 
in let are assessed at 50cm of SLR resistance per 100 years, twice the cu rren t sea 
level rise.
O verw ash  /  A eolian:
O v erw ash /A eo lian  cross-shore transport is assessed an influence 
of .60 or 15cm /100 years. This assessm ent is based on the sp o rad ic /ep iso d ic  
n a tu re  of overw ash  even ts, and  the po ten tia l for som e m arsh  d e a th  a fte r 
large events. The com m on h igh  velocity w inds prov ide  a consistency and  an 
evenness of d istribu tion  that w arran t such an influence. Also, g iven  the 100 
year tim e fram e, the probability  tha t any given area of the area is overw ashed  
is p robab ly  nearly  the sam e th ro u g h o u t the area (Boc & L angfelder, 1977; 
Pierce, 1969). The p resence  of ex tensive  co lon ized  o v erw ash  fla ts also  
indicates an  large influence to bo th  accretion and tidal flat colonization.
The d istribu tion  of this .60 of influence is restricted to those areas of the 
s tu d y  site th a t are less th an  1 k ilom eter cross-shore from  ocean to sound . 
This a ssessm en t is m ade  for tw o  reasons. F irst, w h ile  on ly  v e ry  ra re  
ov erw ash es reach  such  d istances, p o st overw ash  red is tr ib u tio n  of san d s  
p robab ly  does. Second, consisten t w ind-b low n  d u n e  sands p robab ly  fail to 
travel such  d istances in significant am ounts. Therefore, those areas th a t are 
m ore th an  1 k ilom eter in island  th ickness w ill no t receive th is in fluence to 
m itigation . It is im portan t to rem em ber tha t th is d istance of 1 k ilom eter is 
from  the  ocean  sho re line , n o t the  fo red u n e  line, as th is d a ta  w as n o t 
available.
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U pland  M igration:
The influence of up land  m igration is also assessed at .60 of SLRc- 
The in fluence  is se t at .60 because , w hen  com bined  w ith  the  p e a t an d  
te rrestria l inpu ts the to ta l influence is 1.60 or 40cm /100yr. This v a lue  has 
been  po stu la ted  by  som e to be the  th resho ld  p o in t beyond  w hich  m arshes 
cannot com pensate for SLR by m igrating  up land  (W anless, et. al, 1994).
The d istribu tion  of u p lan d  m igration  is restricted  to those areas w here  
rec ru itab le  u p la n d  is availab le . T his availab ility  is a co n tro lled  by  a 
com bination  of factors. The factors are  d istance of salt m arsh  u p lan d  edge 
from  ocean shoreline (set at 250 m) com bined w ith  am ount of land  available 
w ith in  the rem aining  distance. If at least 50% of the m arsh  can m igrate  into 
u p lan d s  tha t are beyond  250m from  the ocean shoreline, then  m ig ra tio n  is 
deem ed possible. A nother factor is the presence of roads and  large p a rk in g  
lots. These are seen as an  effective barrie r to those m arshes w hich  are fu lly  
so u n d -w a rd  of them . T herefo re , in  such areas w here  they  exist, these  
s tru c tu res  override  the p rev io u s considera tion  of available u p lan d  b eyond  
the threshold  equilibrium  barrie r island  feature cross-section (250m).
Sea Level Rise:
Sea level rise scenarios considered  in the lite ra tu re  range from  
+0.5 m  to +3.0 m  in m ean  sea level by  the year 2100 (Park, 1991; B arth and  
T itus, 1984). The m ost likely increase for the O uter Banks in the next cen tu ry  
is from  0.5 to 1.5 m eters above the cu rren t rate. These are also the  m ost 
com m only  u sed  estim ates of SLRp u sed  in sim ilar s tud ies (D av idson  and  
K ana, 1988). M ore recen t estim ates consider som e rise be tw een  0.50 m eter 
and  1.0 m eters as the m ost likely scenario for the next 100 years; in  fact, the
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1995 EPA R eport, "The Probability  of Sea Level Rise" estim ates .55 m  of SLR 
to h ave  a "50/50" chance of occurring  by the year 2100. T herefore, 0.50m,
0.75m, 1.00m, and  1.50m p e r 100 years are identified  as the  SLRp scenarios 
u sed  in  this s tu d y  (Table 5). These are the values that, after m odifica tion  by  
the  SLR rf, w ill be sub tracted  (as SLR r) from  the existing species e levations. 
T hese SLRp scenarios include in  them  the cu rren t SLR rate. T herefore, they  
a re  conserva tive  estim ates of SLRp. M any projections estim ate  SLR as an  
increase in add ition  to the cu rren t rate, m aking SLRp all the m ore om inous.
A n artifact of the SLRc of 25cm /100yr and the m in im um  rank  of 1.0 is 
th a t any  reach of m arsh  w ith  a SLR rf of 1.0 is considered  able to w ith s tan d  
cu rren t sea level rise rates, and  can be considered "stable" u n d e r p resen t day  
cond itions. This is p robab ly  n o t true  of ind iv idua l m arshes (Craft, et. al., 
1993), b u t m ay be so for the  en tire  com plem ent of CH N S m arsh es. In 
add ition , this project does n o t include a stipu lation  for m arsh  g ro w th  if SLR 
is "over-com pensated" for by  SLR rf- Such areas will sim ply no t be effected by 
local sea level increase (i.e. SLR r = SLRp- SLRrf = 0.00: no change in  species 
e lev a tio n ).
POLICY OPTION INFLUENCE and DISTRIBUTION
The policy  op tions co n sid ered  in  th is p ro ject have  been  k e p t to a 
m in im u m  to avo id  confusing  the  concepts beh ind  th is analysis. A lso , as 
p rev iously  stated , all identified policy options are deem ed as 100% effective in 
e lim in a tin g  th e ir  a sso c ia ted  so u rce  from  c o n sid e ra tio n  in  th e  SLR-RF 
d e te rm in a tio n . Since po licy  op tio n s are  associated  w ith  a source, th e re  
d istribu tion  is identical to tha t source. Therefore, all that is left is to iden tify  
po ten tial options and  the processes they m ight effect.
I. Public Lands:
The po ten tia l for the adop tion  of any of these policies is varied . This 
p a r t  of the  analysis w ill consider only  those th a t are m ost likely , a n d /o r  
cu rren tly  in existence.
Federal actions th a t m ay  im pact sa lt m arshes (by in fluenc ing  
sed im en t source availability) include:
• D une & Road M aintenance
• Inlet D redging
• Inlet Stabilization w ith  Jetties
• Stabilization of U pland  Property
and  Structures
• Sea W all or Levee B uilding
• Beach Restoration
• Enhanced Island M igration
• Controlled Salt M arsh
Burning (Collier, 
pers. comm., 1994)
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O f the eight federal op tions d iscussed  above, th is project w ill analyze 
tw o : U p la n d  S ta b iliz a tio n  a n d  D u n e /R o a d  M a in te n a n c e . U p la n d  
S tabilization, the bu ild ing  of bu lkheads, dikes, levees, etc. in o rd er to defeat 
e rosion  of p roperty  and  structu res, deters up land  m igration  com pletely. It has 
no  effect in areas w here  U pland  M igration is no t deem ed possible.
The effect of D u n e /R o a d  M ain tenance— the consisten t p lo w in g  of 
o v e rw ash ed  and  w in d b lo w n  beach  sands seaw ard  of US-HW Y 12— is to 
res tric t w ashover and  aeo lian  tran sp o rt such  th a t these p rocesses can no t 
occur s ign ifican tly . T herefo re , the  o p tio n  of D u n e /R o a d  M ain ten an ce  
rem o v es the  in fluence  of o v e rw a s h /a e o lia n  tra n s p o r t  from  the  g ro ss  
m itig a tio n  aga in st SLRg. A gain, it has no effect in  areas no t su p p o rte d  by  
these processes (those greater than  1 kilom eter in island  thickness).
II. Private Property:
Policy op tions availab le  to p riv a te  lan d o w n ers  are  lim ited  to 
S tabilization of U pland  P roperty  and  S tructures. This op tion  operates in the 
identical m anner as U pland  Stabilization on Federal Lands. P rivate  p ro p erty  
m ay also be affected by policies chosen by federal m anagers. M ost landow ners 
w o u ld  p ro b ab ly  o p t for U p la n d  S tab iliza tio n  u n less  m a n d a te d  to do  
o therw ise. This possibility, term ed  "p resum ed  m obility" by  T itus (1991), m ay 
rep re sen t the best w ay  for pub lic  concerns to be ad m in iste red  on  p riv a te  
lands . U n d er "p resu m ed  m obility ," new  lan d  sales or leases w o u ld  be 
allow ed only if the landow ner relinquishes h is /h e r  righ t to bu lkhead  against 
a m igra ting  m arsh. As sta ted  earlier, fundam enta l changes in p ro p erty  righ ts 
percep tions w ould  have to precede this type of action.
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"P resum ed m obility", the  m anda ted  opposite  of U pland S tabilization , 
is on ly  a p roposed  policy option . It is tan tam oun t to persuad ing  landow ners  
in to  d o in g  n o th in g  a g a in s t e ro s io n . This p o ss ib ility  is in tr in s ic a lly  
inco rpo ra ted  into th is s tu d y  u n d e r the  com bination of op tions th a t does n o t 
include  U p land  Stabilization. Therefore, "P resum ed m obility" is analyzed  de 
facto by  the natu re  of this study.
RESULTS
I. Risk Assessment:
The y e s /n o  n a tu re  of the q uestions asked  in  the  R isk 
A ssessm ent for the d istribu tion  of process classes and m anagem ent scenarios 
p ro v id e  a sim ple w ay to com bine all the possible outcom es. The com bination  
of the four process factors (O w nership , O verw ash, Inlet, and M igration) w ith  
each o ther resu lts in 16 un ique  com binations ([2* (2A3) = 16] process classes). 
T he com bination  of the  th ree  po licy  op tion  factors (O w nersh ip , U p la n d  
S tab iliza tion , and  D u n e /R o a d  M aintenance) w ith  each o th er resu lts  in  8 
m anagem en t scenarios. Therefore, the determ ination  of SLRrf, SLRr , and  of 
the am oun t of w etland  lost by class m ust be m ade for 16 x 8 cells (128). The 
n a tu re  of the study , how ever, p rov ides that som e of the results for SLR rf and  
SL R r w ill be equal in m any cells (Table 6).
The m ain  outcom e of the com bination of possible processes into classes 
is th a t the 16 classes w ere iden tified  and  coded w ith in  the s tu d y  site so th a t 
the  am o u n t of each species w ith in  th a t class can be inven to ried  an d  th u s  
analyzed  as d iscrete  un its  (Figure 3 & 4). Table 6 show s the resu lts  of the  
p rocess class de te rm ina tion  along w ith  the com pilation of the eigh t possib le  
m an ag em en t scenarios th a t w ere  analyzed . H orizon ta lly , the  n u m b ers  in  
each cell rep resen t that classes relative ability to w ith stand  SLRr — i.e. SLR r f - 
V ertically , the co lum ns rep re sen t the s itua tion  each m anagem en t scenario
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h o ld s  for the  e n tire  p a rk . T he m atrix  in Table 6 is rep e a te d  in  the  
de term ination  of SLRr and  total w etland  lost by SLRp.
II. Data Collection:
Inventory  (species and  elevations!:
The im age classification and  vector layer database for the CH N S 
reg ion  resu lted  in them atic  layers w hich  include in fo rm ation  on the  to ta l 
area of species, the relative abundance  of species and  the d is tribu tion  of the 
p rocess availability  classes defined  in the risk assessm ent. F igures 5, 6 & 7 
p ro v id e  a sam ple  of a them atic  layer im age classification (w ith  decreasing  
scale) overlain  by the process class coverage w hich w as used as a tem plate  to 
e x tra c t the  species a b u n d a n c e  n u m b ers  for each  class. The spec ies 
com position  for the entire study  site show s that the dom inan t species overall 
is Spartina alterniflora,  w ith  the  Spartina patens  c o m m u n ity , J u n c u s  
roemerianus, S c ru b /S h ru b  com m unity , and  o thers fo llow ing respective ly  in 
ab u n d an ce  (Figure 8). The rela tive  area of sa lt m arsh  con ta ined  in  each  
process class th ro u g h o u t the s tu d y  site is p resen ted  in F igure 4. N ote  th a t 
w hile  class 12 contains 34.88% of all s tudy  site salt m arshes, class 15 contains 
no salt m arsh, and  therefore is no t represented  in this study.
The relative abundance  of each species by class show s tha t the species 
com position  betw een  classes is h ighly  variable (Fig 9a-d); how ever Spartina 
alterniflora dom inates in  m ost of the classes. It is the to tal abundance  of the 
species (and their elevations) w ith in  each class that de term ine  the am oun t of 
land  in u n d a ted  u n d e r various SLRp. These values are show n later in  Table 
10 w hich  is used  in  the calculation of total salt m arsh  area lost.
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Elevation and  Species C om position  Surveys:
Field data  has show n  the dom inan t species of salt m arsh  p lan ts  
in  CH N S to be Spartina alterniflora (31.4%), Spartina patens/Disticlis spicata 
(25.12 %), Juncus roemerianus  (20.00% ), M yr ica  ceri fera /Baccharis  
halmifolia/Iva frutescens (13.95%), Spartina cymisoroides (9.53%) (T able 7; 
F igure 10). This da ta  com pares favorably w ith  that derived  from  the classified 
im ages. This is no t entirely  su rp rising  since the field data  served as a level of 
g ro u n d -tru th in g  for the im age classifications. H ow ever, since the  im ages 
rep re sen t a m uch  larger area, an d  since the classification schem e w as ru n  
th ree  tim es each for -5 0  d iffe ren t im ages, such  a s trong  co rre la tio n  w as 
unexpected .
The abundance of species sam pled  varied  in  each of the three m arshes 
th a t w ere  su rveyed  (Figure 11). H ow ever, the relative occurrence of each 
species w as no t su rp rising  considering  the d ifferent areas th a t w ere sam pled . 
The m arsh  at O regon Inlet, w here  tidal influence is m ost ap p aren t, w as 50% 
Spartina alterniflora The com posite  elevation  m eans for each species also 
fo llo w ed  an  ex p ec ted  p a tte rn , w ith  S p a rtin a  alterniflora a t the  lo w est 
e levation  (.279 cm above NGVD29) and  Myrica cerifera/Baccharis halmifolia 
at the h ighest e levation (53.3 cm above NGVD29). The average elevation  for 
all species w as 41 cm above NGVD29 (Table 7; Figure 12).
W ater Level of Pam lico Sound
D ue to a su rvey ing  error, the in situ d e te rm ina tion  of MSL w as 
incapable of rela ting  the de te rm ined  value to the com m on d a tum  (NGVD29). 
H ow ever, th is analysis w as perfo rm ed  using  tidal da ta  and  benchm ark  da ta  
from  NO S in  conjunction  w ith  benchm ark  da ta  ob tained  at v a rio u s p o in ts
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w ith in  CH N S. The average  d ev ia tio n  b e tw een  MSL and  NGVD29 w as
0.17m.. Since th is is an  estim ation  of the dev ia tion  of the tw o d a tu m s, the  
value  0.20 m  w as chosen as a correction  value to relate the observed  p lan t 
e levations to MSL for Pam lico Sound (Table 8).
The w ater level investigation  of Pam lico Sound d id  p rov ide  a g rap h  of 
observations every  six h o u rs  for an 83 day  period  beg inn ing  M ay 17, 1994 
(Figure 13). The m ean of the h ou rly  observations (2.61 feet on tide staff) is 
p lo tted  along w ith  the hourly  record. A large atm ospheric com ponent to the 
flu c tu a tio n  is a p p a ren t in th is record . This record  w as com pared  w ith  a 
record for the sam e tim e period  taken at Duck Pier, NC on the A tlantic O cean 
shore  (Figure 14). This g raph  show s the affect of the atm ospheric and  steric 
forcings on the Pam lico sound  tides. A pparen tly , the astronom ical s ig n a tu re  
persists, bu t is often superseded  ou t for days at a time.
Sea Level Rise Analysis:
To beg in  the analysis, values for SLR r w ere de te rm ined  for the  
16 classes and  8 m anagem en t scenarios for each of the four SLRp v a lu es 
chosen—0.50, 0.75, 1.0, 1.5m (Tables 9A-D). Also show n in this tab le  is the 
abso lu te  and  re la tive  am oun ts  of sa lt m arsh  contained  in each of the  16 
process classes. The salt m arshes con ta ined  w ith in  each class are  fu rth e r  
d iv id ed  in to  the 5 classified species iden tified  in Table 7, w hich  show s the 
species com position  w ith in  each class in absolute and relative term s, as w ell 
as the area of salt m arsh  occupied by each process class (Table 10).
A ll p o ss ib le  v a lu es  fo r SL R r o b ta in ed  from  T ables 9A -D  w e re  
su b trac ted  from  the  corrected  e levations for each species (Table 11). A ll
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species w ith  a non-positive  resu ltan t e levation  are considered  converted  to 
open  w ater; therefore their areas w ith in  each class is sub tracted  from  the to tal 
for each class. The to tal area lost from  each class (as de term ined  by  sum m ing  
the  area of species lost) for all possible SLRr values is thus calculated  (Table 
11). The total area of w etland  lost u n d e r each SLRp can then  be d e te rm in ed  
for each  m anagem en t scenario  by substitu ting  the am oun t of area lost for 
each SLR r for each specific class (from Table 12). Sum m ing the losses do w n  
each co lum n (th rough  each class) gives the to tal area of sa lt m arsh  lost for 
each  m an ag em en t scenario  u n d e r  th a t specific SLRp. This techn ique  is 
perfo rm ed  for each SLRp that is chosen (Tables 13a-d).
The final results for this analysis, w hich brings together the Process and  
P olicy  A ssessm en t, Im age In v en to ry , E levation  D ata , an d  W ater L evel 
O bservations, show  a rap id  increase in the am oun t of salt m arshes lost to 
o p en  w a te r w ith  even  sm all changes in SLRp (Table 14). In ad d itio n , th is 
analysis show s that d ifferent m anagem ent scenarios can resu lt in  up  to a 12% 
decrease  in  the  am o u n t of rem a in in g  w etlands. H ow ever, th is  effect is 
o v e rsh ad o w ed  by the large d ifferences in loss am oun ts be tw een  0.50m of 
SLRp and  0.75m, changes of u p  to 54% d e p en d in g  on the  m an ag em en t 
scenario  chosen. This s tu d y  also show s tha t a SLRp of 1.0 m  or h igher w ill 
effectively elim inate all existing salt m arshes, regard less of the m anagem en t 
p lans im plem ented .
DISCUSSION
I. Management Implications:
The m an ag em en t im p lica tions of th is s tu d y  m ay  be u se d  to 
gu ide  coastal m anagers as they  consider certain  policy options. E ssentially , 
the resu lts  can be considered  in  th ree  d ifferent ways: by com parison  of the 
effects of d iffe re n t SLRp v a lu e s  on ly , by  c o n s id e rin g  d iffe ren ces  in  
m anagem en t scenario im pacts w ith in  each SLRp, or by com paring the effects 
b e tw een  the  tw o. C om parisons of the la tte r type are less in struc tive  and  
shou ld  be  considered  w ith  caution; the  relative im portance of som e effects 
m ay be overshadow ed by others.
In tuitively , one m ight expect tha t the greater the am ount of SLR over a 
g iven  tim e, the m ore salt m arsh  w ou ld  be subject to inundation  and  even tual 
co n v ers io n  to  open  w ater. N o t su rp ris in g ly , the  resu lts  of th is  s tu d y  
co rrobora te  such  a theory. H ow ever, the am oun t of loss does n o t increase 
linearly  w ith  the am oun t of SLR. There appears to be a th resho ld  level of 
SLR beyond  w hich  the large m ajority  of salt m arsh  w ill be lost. To som e 
extent, th is response  is a resu lt of the  m ethod  used  (i.e., rely ing  on  species 
e levation  m eans instead  of ranges). H ow ever, it is reasonable to expect th a t 
som e p o in t does exist beyond  w h ich  an  equ ilib rium  rela tionsh ip  b e tw ee n  
SLR and  salt m arsh  evolu tion  cannot be m aintained. This s tudy  suggests th a t 
such a th resho ld  m ay exist at a rate of SLR betw een 0.50m and 0.75m p e r 100 
years. The im p lica tion  of th is is th a t coastal m anagers m ay be ab le  to
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successfu lly  se t m an ag em en t goals th a t m a in ta in  re la tive  SLR b e lo w  a 
th resh o ld  SLR value. A lternative ly , m anagem en t a ttem pts m ay be fu tile  if 
th is  th re sh o ld  is exceeded . F u rth e r  s tu d y  is req u ire d  to q u a n tify  th is 
phenom enon  before the valid ity  of this concept can be accepted.
C om parison  of m anagem en t scenarios ind icates that D une  and  R oad 
M ain tenance  causes m ore sa lt m arsh  to be  lost (12.7% m axim um ) th an  
U p la n d  S tab iliza tio n  (4.2% m ax im um ). F u rth e r  in sp ec tio n  sh o w s th a t 
p riv a te  U p land  Stabilization has a slightly  g rea ter effect (3.04 % m axim um ) 
th an  p rev en tin g  m igra tion  on federal lands (1.2 % m axim um ). This resu lts  
from  CF1NS lands typ ically  be in g  located  w here  the  is land  is th in n est. 
H is to rica l v illages n ev er d ev e lo p ed  in those  a reas, leav ing  su ch  lan d s  
available for purchase  by  the federal governm ent. The result, in the  context 
of th is study , is that m ore land  deem ed  recru itab le for salt m arsh  m ig ra tion  
occurs in p rivately  ow ned areas (~ 15 hectares) than  in those u n d e r federally  
ju risd ic tion  (~9 hectares).
The results reveal tha t SLRp has a greater effect than  any m anagem en t 
scenario for the any given SLRp value. In fact, as SLRp increases the range of 
d ifference  from  g rea tes t to least am o u n t of losses b e tw een  m an ag em en t 
scenarios decreases considerably  (to 0 % in the case of SLRp = 1.50m). The 
larger values of SLRp have "ca tastrophic” effects on salt m arshes, essen tia lly  
w ip ing  ou t all existing salt m arshes regard less of m anagem ent protocol. This 
suggests th a t u n d er extrem e SLR, the valid ity  of tak ing  any action at all m ay 
questionable. In o ther w ords, the oppo rtun ity  to m itigate against SLR m ay be 
lost by  the tim e the sea reaches about 1.0 m eters above its current level.
II. Management Suggestions:
54
A 0.50 m  increase in SLR in the next century  is w ith in  the range  
considered  to have a reasonable likelihood of occurring ("50/50" in the  eyes of 
the EPA (Titus and  N arayanan , 1995)). Therefore, the po ten tia l for effective 
m anagem en t does exist in th is region. M anagem ent op tions are constra ined  
by  federal agreem ents w ith  the state  of N orth  C arolina (to allow  for h ighw ay  
p ro tec tion) and  by local in terests . A lthough  a large p ro p o rtio n  of the  salt 
m arshes are federally  ow ned , the a ttitudes and percep tions of local residen ts 
shou ld  be considered essential in the developm ent of any m anagem ent p lan .
W hile salt m arshes are im p o rtan t bo th  ecologically and  econom ically , 
th ey  a re  n o t likely  to be deem ed  m ore im p o rta n t th an  tra n s p o rta tio n  
in fra s tru c tu re . C o n sis te n t f lo o d in g  of US-HW Y 12 an d  b lo ck ag e  by  
overw ashed  sands in m any areas attest to the need for a rem edy at som e po in t 
in  the  fu ture. W hen coup led  w ith  the effects of road  m ain tenance on salt 
m arshes of the area, it w ou ld  seem  tha t the policy of m ain tain ing  the cu rren t 
position  of US-HWY 12 shou ld  be review ed.
This s tu d y  also calls in to  question  the p roposed  policy of "p resum ed  
m obility", essen tia lly  the p ro h ib itio n  of u p lan d  stab iliza tion  against m arsh  
m ig ra tion  (Titus, 1991). The stab ilization  of up lan d s on p rivate  lands does 
n o t seem  to ho ld  m uch  im portance  to the overall sta te  of the salt m arshes 
w ith in  this s tudy  area. This is m ost likely because of the relatively sm all area 
of "recruitable" lands he ld  by  p riv a te  citizens. "P resum ed m obility" m ay  
in d ee d  have  a g rea ter im p act in areas of the US East C oast w h ich  h ave  
substan tia lly  m ore privately  ow ned  w etlands. The CHNS area is p robab ly  n o t 
an  appropria te  site to test the valid ity  of this proposal.
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A review  of the 1994 D are C ounty  Land Use P lan U pdate  reveals th a t 
local p riv a te  landow ners  do  u n d e rs tan d  the values of coastal w e tla n d s  to 
th e ir  reg ion , and  are w illing  to take action to p ro tec t them  (by an  87 % 
m ajority). U nfortunate ly , w h en  asked to p rio ritize  issues, the p ro tec tio n  of 
w e tla n d s  fell below  m any  of the  m ore  e stab lished  concerns of p ro p e r ty  
ow ners, taxes and  infrastructure . In  addition , the sam e poll indicated  th a t the 
residen ts d id  no t feel that SLRe w as scientifically valid  and w orthy  of concern 
or p lann ing . W hen these residen ts are m ade aw are of the risks, and  the  costs 
a sso c ia te d  in  ab a tin g  su ch  risk s , the  p u b lic  se n tim e n t m ay  c h an g e  
significantly. Therefore, a public education  p rogram  detailing the valid ity  of a 
p o ten tia l increase in sea level and  the "catastrophic" effects it m ay h ave  on 
salt m arshes w ould  be a w orthw hile  venture.
III. Comparison with Other Studies:
W hen com pared  w ith  prev ious stud ies of w etland  responses to 
SLR g, the  resu lts  of th is s tu d y  generally  agree for SLRp = 0.50 m. Loss 
estim ates of Lee, et al (1992), are  rem arkably  sim ilar (41.7 % to 38%). In 
add ition , Boorm an (1990) estim ated  losses on the East Coast of England on  the 
o rd e r of 40% for a SLRp of 0.50m. H is s tu d y  inc luded  no b a rr ie r  is lan d  
m arshes, how ever, and  d id  n o t d irectly  w eigh m itigation  po ten tia l since the 
em phasis of his study  w as directed tow ard  species com position changes.
D esp ite  the  in itia l a g re e m e n t in the  th ree  m o d e ls , s ig n if ic a n t 
d iffe rences in  assessm en t occur b e tw een  SLR ra tes  h ig h er th a n  0.50m . 
A pparen tly , the thresho ld  of SLR that is reached in this study  does n o t ap p ea r 
in  the  o th er m odels. H ow ever, the  o ther m odels calculate  e stim ates  for 
m uch  larger areas. In those s tud ies  th a t incorporate  barrie r island  m arshes,
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th e  la rg e  losses in  such  a reas w ere  o ften  co m p en sa ted  by  m itig a tio n  
elsew here, as in m igration  into m ain land  backbarrier coastal low lands. Since 
the  m ethods u tilized  vary  significantly , com parisons d raw n  betw een  s tu d ies  
of coastal responses should  be m ade warily.
P rev ious s tu d ies  on  the  effect of sea level rise  on  w e tla n d s  h av e  
ind icated  the need  for fu rther refinem ent of bo th  assessm ent techniques and  
the incorporation  of data  on  the processes involved. A reduction  in scale on 
ho rizon tal and  vertical levels w as also called for. The w ell-know n SLAMM 
m odel has relied on cell sizes of 80m, and  vertical reso lu tion  on the o rd e r of 
0.5 m eters. This s tudy  show s a m eans for incorporating  im age analysis w ith  
field data  to reduce the scale involved by an o rder of m agnitude horizon tally  
(to lm ) and to +/-0.05 m  vertically. The accuracy achieved by  this reduction  in 
scale is com prom ised by the lack of firm  evidence to su p p o rt the assum ptions 
m ade  about salt m arsh  accretion and  extension and the role of the factors th a t 
de term ine how  they change and  interact.
O ther shortcom ings b ro u g h t to light by prev ious stud ies are the  need  
for the incorporation  of site and  region  specific data , as w ell as the need  to 
assess entire regions in the s tudy  w ithou t hav ing  to sub-sam ple w ith in  them . 
The GIS capabilities u tilized  in this study  have the ability to incorporate m any  
m ore layers of them atic or vector coverages. U nfortunately , the actual d a ta  
available for the CHNS and  su rro u n d in g  areas is sparse  from  a salt m arsh  
perspective. The ocean shoreline has been stud ied  extensively; in  p a rticu la r 
d u e  to the decades of coastal m an ipu la tions tha t have occurred there. The 
Pam lico Sound and its adjacent w etlands have no t been  extensively s tu d ied , 
req u irin g  in th is s tu d y  the  incorpora tion  of da ta  observed in o ther regions.
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D ue to its un ique  natu re , the O u te r Banks region m ay no t be a su itab le  area 
for such  extrapolation.
IV. Further Study:
This s tudy  w as designed to be able to incorporate  changes in  the 
scientific u n d e rs tan d in g  of certain  basic processes as they relate to the  g row th  
and  developm ent of barrier island salt m arshes. The next step for a project of 
this k ind  is to perform  a sensitivity  analysis w hereby the factors u sed  in Policy 
and  Process Influence and  D istribu tion  are m an ip u la ted  and  the  p rocess is 
re ite ra te d  from  there . U n fo rtu n a te ly , the  ac tu a l task  of c h a n g in g  the  
d is trib u tio n  factors (i.e., red raw ing  ARC coverages, re-SUBSETing the  im age 
files, and  recom piling  the species abundance  values for each class) is m uch  
m ore  invo lved  th an  sim ply  m an ip u la tin g  the influence factors, w h e re  the 
classes m ain tain  their areas and  rela tive  abundances, and  only  the va lues of 
S L R rf , and  thus, SLRr change. H ow ever, the po ten tial for m an ip u la tin g  any  
of the factors and their w eightings does exist.
M an ipu la tions of the  fram ew ork  u tilized  in th is s tu d y  w o u ld  on ly  
p ro v id e  ranges about w hich  one can estim ate how  a salt m arsh  m ay resp o n d  
to sea level rise. To m ore accurately  assess SLR effects, analysis of long-term  
d a ta  se ts an d  exam ina tion  of the  critical p rocesses in v o lv ed  sh o u ld  be 
undertaken . Such stud ies shou ld  include:
• C ross-shore w indb low n  sedim ents
• Sedim ent tran sp o rt th ro u g h  inlets
• Total suspended  solids of Pam lico Sound
• w ater level fluctuations in Pam lico Sound relative to
NGVD29
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• M arsh accretion rates in various areas
• M igration rates
• H istorical changes in  salt m arshes
D ata such as these w ou ld  p rov ide  a firm  groundw ork  on w hich to base
estim ates of the  re la tive  in fluence  an d  d is tr ib u tio n  of po ten tia l se d im e n t 
sources. A nother aspect that deserves a tten tion  is the im pact of o ther policies 
such  as jetty  bu ild ing , m arsh  bu rn ing , island construction, etc. on the g row th  
of sa lt m arshes. Of course, the ad d itio n  of any factor in process o r policy  
in c reases  th e  size  of the  m a tr ix  so th a t a t som e p o in t s p re a d s h e e t  
m anipu lations w ould  have to be rep laced  w ith  m atrix  database m an ip u la tio n  
softw are.
V. Summary:
This study  suggests that large increases in SLR over the nex t 100 
years w o u ld  resu lt in large scale losses of sa lt m arshes in the CH N S area. 
H ow ever, th is sh o u ld  be n o t be  co n stru ed  as a reason  to a b an d o n  the  
a d o p tio n  of p ro ac tiv e  po lic ies concern ing  sa lt m arshes. M uch is still 
unknow n  about the response of coastal areas in general to SLR, and  estim ates 
regard ing  the fu ture of the coastal zone m ust be exam ined carefully. They all 
rely, to som e extent, on incom plete inform ation . The value of this s tu d y  is 
n o t found  specifically in the resu lts  them selves, b u t in the advancem en t of 
th e  in te rp re ta t io n  of co asta l in te ra c tio n s  an d  the  d e v e lo p m e n t of a 
m e th o d o lo g y  to e stim ate  re sp o n se s  of the  coasta l zone  to SLR. The 
identification  of areas requ iring  fu rther study , especially in estim ating  of the 
rela tive  im portance  of p rinc ipal p rocesses in  salt m arsh  evolu tion , also has 
m erit.
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C oastal landow ners an d  m anagers shou ld  be cau tioned  from  rely ing  
strictly  on the resu lts of this, o r any other, pred ictive  study . H ow ever, such  
s tu d ies  sho u ld  serve to increase  aw areness of the p o ten tia l for large scale 
effects a ris in g  from  in c reased  SLR. This s tu d y  in d ica te s  th a t co asta l 
m anagem en t practices can have  significant im pacts on  a n a tu ra l resource by  
in fluencing  d o m in an t physica l processes. E ssentially , all coastal res id en ts  
shou ld  be aw are tha t the actions they take m ay p ro found ly  effect the area in 
w hich  they live. C urren tly , the  a ttitudes of the coastal residen ts (perm anen t 
an d  seasonal) in this reg ion  seem  to su p p o rt efforts to p ro tec t salt m arshes. 
The nex t cen tury  w ill show  the ex tent to w hich they  are w illing  to su p p o rt 
th e  lo n g -te rm  s ta b ility  o f th is  im p o rta n t, y e t e n d a n g e re d , re so u rce .
CONCLUSIONS
W ith the  sem i-p e rm an en t and  econom ically  v a lu ab le  h u m a n  
developm en t th a t has recently  been focused in dynam ically  changing  coastal 
b a rrie rs , a s itu a tio n  such  as sea level rise takes on an a lm ost fo reb o d in g  
p resence. The residen ts  of C harleston , South C arolina and  D ade C o u n ty , 
F lorida can a ttest to the need  for be tter m anagem ent of coastal lands, as w ell 
as of federal em ergency response team s. It is un fo rtunate  that the g rav ity  of 
coastal issues is p rim arily  illum ina ted  by extrem e, episodic even ts such  as 
h u rr ic a n e s  an d  w in te r  s to rm s, an d  on ly  felt by  the v ic tim s of su c h  
occurrences. It is im portan t to realize, how ever, that the less visible form s of 
coastal ecosystem  decay m ay have just as serious im pacts as large scale events. 
The res iden ts  of the O u te r Banks and  CHN S cu rren tly  have  a w in d o w  of 
o p p o r tu n ity  to p re p a re  fo r and  m o d era te  the  risks of SLR. H o w  th is  
op p o rtu n ity  is u tilized m ay m ake a large difference to that area in  the fu ture.
This s tu d y  does m ore  to e luc ida te  the need  for a m ore  com plete  
u n d ers tan d in g  of this fragile coastal area than  to firm ly dictate w ha t shou ld  be 
done, w hen  it should  be done and  by w hom . H ow ever, the indication  is clear 
th a t th is p rob lem  m ay n o t be solvable by  the local citizens or the  federa l 
m anagers regard less of their intentions. Large increases in sea level over the 
n ex t cen tu ry  could  v irtu a lly  w ipe  o u t coastal sa lt m arshes w ith in  C H N S, 
e lim in a tin g  the  fragile  h ab ita ts  and  buffer zones th a t they  p rov ide . Even 
sm all increases in the cu rren t ra te  of SLR m ay resu lt in significant losses of
60
61
the a rea ’s w etlands. M easures to p ro tec t the existing salt m arshes shou ld  be 
considered  now  to m itigate  for the possible dam aging  effects that m ay  occur 
in  the  next 100 years.
As global w arm ing  and  SLRe becom e m ore substan tia ted  and  accepted 
by  the  general pub lic , s tu d ies  of th is type shou ld  con tinue  to advance  the 
c u rre n t th in k in g  ab o u t coasta l resp o n ses  to SLR. W hile  m o re  d irec t 
o b se rv a tio n  of physica l p h en o m en a  seem s to be req u ired , the  n eed  for 
im p ro v ed  policy  analysis sh o u ld  no t be overshadow ed . The p ast severa l 
cen turies have estab lished  tha t people  do influence the n a tu ra l landscape  in 
p ro fo u n d  w ays. W hile it seem s this notion  often has a negative connotation , 
the possibility for positive effects does exist and should  be explored.
TABLE 1. Definitions
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DEFINITIONS:
• SLR = Sea Level Rise- the increase in level of the vertical
position of the global ocean, w hether "natural" or "enhanced."
• SLRe = Sea Level Rise Enhanced" the increase in "natural" SLR th a t is
enhanced by  hum an  actions (i.e.: anthropogenic increases in  
"greenhouse gases").
• SLRc = Sea Level Rise Current- the currently  occuring SLR,
estim ated a t 25 cm/lOOyrs.
• SLRp = Sea Level Rise PrediCted- predicted values of SLR for the next
100 years- 4 are chosen in this study (0.50 m, 0.75 m, 1.0 m, 1.5 m).
• SLRrf = Sea Level Rise Resistance Factor- m athem atical construct w hich
relates the potential of a specific process class to "resist" SLR u n d e r 
various m anagem ent scenarios. SLRrf is determ ined  as a function  
of SLR*-.
• SLRr = Sea Level Rise ReiatiVe- the rem aining am ount of a given
SLRp in a specific process class after the "resistance" of tha t class 
has been accounted for. SLRr is then  subtracted from  the existing 
species elevations to give the new - or "post-SLR"- species 
elevations.
SLRr = SLRp- (SLRrf*SLRc)
• MSL = M ean Sea Level - the arithm atic m ean w ater level of a
body  of w ater relative to a specific 19 year epoch of astronom ical 
com binations in the position of earth, m oon and  sun. In this s tudy , 
MSL w as determ ined by  averaging hourly  w ater level 
observations, or, w hen  necessary, using MTL to represent MSL.
• MTL = M ean Tide Level- the arithm atic difference betw een  the 
average spring  h igh  tide level (MHHW) and spring  low  tide level 
(MLLW) of a w ater body  relative to a 19 epoch of tidal fluctuations.
• NGVD = N ational Geodetic Vertical D atum  of 1929- a vertical 
da tum  representing  a com m on p lane of reference for elevations 
recorded in N orth  America. NGVD29 w as determ ined by  
averaging MSL determ inations th roughou t the U.S. for the tida l 
epoch 1910-1929. NGVD29 does not represent cu rren t MSL at any 
specific po in t in  N orth  America.
TABLE 2. Catalogue of Assumptions
r  LIBRARY
of the 
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Assumptions & Simplifications for Risk Assessment
The relative Influence or D istribution  of any  process will not 
vary  w ith  differences in SLRp.
Sedim ent inpu ts  (process influence) occur in quan tum  
am ounts relative to a base increm ent of SLRo
Sedim ent inpu ts  occur in full w ith in  their p resum ed  process 
d istribu tions or not at all.
Due to identical Influences, D istributions and  Policy 
considerations, Peat A ccum ulation and  E stuarine 
Sedim entation  are com bined and considered  constant.
A eolian transport of beach sands is coupled w ith  the
W ashover sed im enta tion  regim e. The relative influences of 
bo th  processes are inter-related and inseparable.
Sedim ent sources are additive and  do no t cancel ou t or o ther­
w ise alter the influence of a sim ultaneously  occurring 
process.
All Inlets in the area (Oregon Inlet, H atteras Inlet, Ocracoke 
Inlet) are typified by flood tidal deltas, and  are potential 
sedim ent sources to the adjacent coastal m arshes.
Policy options in effect com pletely elim inate their affected 
p rocess’ influence.
U pland  M igration does not occur w ith in  a thresho ld  distance 
to the ocean shoreline (250m), nor over any other lands 
deem ed "not recruitable" (i.e. US-HWY 12).
N o salt m arsh  is lost th rough  conversion to up land , even in 
situations of sed im ent su rp lus.
The alongshore d istribu tion  of O verw ash /A eo lian  processes is 
considered available th roughou t the study  site.
Existing bu lkheads and  ditches pose no barrier to U pland
M igration w ithou t upkeep and  repair as p a rt of an "U pland 
Stabilization" policy option.
M ean Sea Level is consistent th roughou t the study  area.
TABLE 3. Comparison of estimates found in literature search.
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TABLE 4. Estimates of the influence, distribution and policies affecting the chosen 
sediment/ substrate sources in this study.
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TABLE 5. Estimates of sea level rise: current and predicted.
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L o c a t i o n : Sea Level  
R i s e
T r e n d R e f e r e n c e
North Carolina 1.9 mm/ yr C u rre n t C,S,B (1993), 
Hackney & 
Cleary (1989)
Hampton Roads, 
V a
2.7 mm/ yr C u rre n t Aubrey & 
E m e ry  
(1 9 8 3 )
H a t te ra s 3.0-4.0 mm/ yr C u rre n t Inman & Dolan 
(1 9 8 9 )
L o u s ian a 10 mm/ yr C u rre n t
Global 5 mm/ yr P re d ic te d
10 mm/ yr P re d ic te d
15 mm/ yr P re d ic te d
20 mm/ yr P re d ic te d
30 mm/ yr P re d ic te d
TABLE 6. Determination of SLRrf values.
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TABLE 7. Elevations (to NGVD) of salt marsh dominants.
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SPECIES AND ELEVATION CHARACTERISTICS OF SAMPLED MAR SHES
i
ALL MARSHES COMBINED (elevations in m above NGVD29)
MARCH- MAY- JUNE 1994
ZONE 1 2(all) 3 4(all) 5(all) ALL
Spa alt Spa pat (comm) Jun roe SS (comm) Others
Mean 0.279 0.480 0.415 0.533 0.421 0.406
Stnd Dev 0.146 0.108 0.096 0.096 0.043 0.147
! Count 135 108 86 60 41 430!
'C.L.(0.95) 0.025 0.020 0.020 0.024 0.013 0.014i . . . . . .
MARCH 1994
SOUTH SALVO MARSH (elevations in m above NGVD29 )
ZONE 1 2(all) 3 4 (al|) 5(all) ALL
Spa alt Spa pat (comm) Jun roe SS (comm) Others
Mean 0.374 0.492 0.440 0.577 0.432 0.455
Stnd Dev 0.093 0.0641 0.101 0.101 0.047 0.106 Ii
Count 34 3 9 i 53 20 12 158 i
C.L.(0.95) 0.031 0.020! 0.0271 0.044 0.027 0.017 II
i I I I' ! i I
MAY 1994 i I
OREGON INLET MARSH '(elevations in m above NGVD29)
ZONE I 1 2(all) ! 3 4 (all) 5(all) ALL I|
Spa alt Spa pat (comm) Jun roe SS (comm) Others
Mean | 0.186 0 .4961 0.372 0.545 0.325
Stnd Dev 0.128 0.071! 0.070 0.064 0.182
Count 71 21 25 23 0 140
C.L.(0.95) 0.029757 0.03057983105 0.027528 0.0262318 i 0.030179
I i
JUNE 1994
HATTERAS MARSH (elevations in m above NGVD29)
ZONE 1 2(all) 3 4(all) ! 5(all) ALL
Spa alt Spa pat (comm) Jun roe SS (comm) Others
Mean 0.394 0.464 0.384 0.464 0.416 0.433
Stnd Dev 0.060 0.143 0.085 0.092: 0.042 0.105
Count 30 48 8 171 29 132
C.L.(0.95) 0.022 0.041 0.059 0.044 0.015 0.018
i i l l j
i :
TABLE 8. Deviation between mean sea level and NGVD29 for the Outer Banks,
North Carolina
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TABLE 9A. Determination of SLRr at SLR,, = 0.50 meters.
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TABLE 9B. Determination of SLRr at SLRP = 0.75 meters.
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TABLE 9C. Determination of SLRr at SLRP =1.0 meters.
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TABLE 9D. Determination of SLRr at SLRP =1.5 meters.
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TABLE 10. Area ( in hectares) of wetland occupied by each species for each class.
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TABLE 12. Area (in hectares) of wetland lost for each class under all possible
SLRr values.
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TABLE 13C. Total wetland losses for SLRP= 1.0 m.
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TABLE 15. Management implications.
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91
■ *
CO
CO
<
_ l
O
CO —  
CO 5  
ixi y
O  H
o  <
o
o
03O
oc
Du
-Q
z:
o
t
C/)o
CL
O
LJL
co co 
<
o
LU
O<
o  g 
o  £
CO
LU
o
LU
CL
CO
LO
o
COO
CM
t " »
CO
-£ Z
CO
O
03
CO
co
CO
CO
O
cd
CD
£w
O
»
<+-tO
cocd
XJ
CDco
C/3
!D
S - ,
Oh
X
CD
*
FIGURE 9B. Species Composition for Classes 5-8.
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FIGURE 11. Comparison of the Species Composition Between Sites.
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FIGURE 12. Elevations (Relative to NGVD29) of Salt Marsh Dominants.
97
SP
EC
IE
S 
EL
EV
A
TI
O
NS
(FR
OM
 
CO
MB
IN
ED
 
FIE
LD
 
SU
RV
EY
S)
6 2 O A 0 N  © A o q o  s j o j o l u  u i  s u o ! J B A 0 | 9
FIGURE 13. Tidal Fluctuations at Avon, NC.
98
oo><
I -<
( f )
■<
z >
CD
G>
h -
I— 
CD 
3 
0 
3<
i
CD
CD
<
D
cdO
° &
s <
o>
C\J
CM
O
CM
CD
CM
Is -  ^
o j
O >—i
05
CM
LO
CM
O
CM
CO
CM
° ° s
O >—}
o
CO
CO 
CM>H
£ j<
s S
LO CO LO
CO c \ i
(y) |0A0“| B©S p u n o s  OOlllLIBd
CM
FIGURE 14. C om parison of Tidal Fluctuations of the Atlantic Ocean shore (Duck 
Pier) and the Pamlico Sound shore (Avon, NC) June 1 - June 30, 1994
99
CO
M
PA
RI
SO
N 
of 
TI
DA
L 
FL
U
C
TU
A
TI
O
N
S
Av
on
 
(P
am
lic
o 
So
un
d)
 
 
Du
ck
 
Pi
er
 (
At
lan
tic
 
O
ce
an
)
LITERATURE CITED
A ppenzaller, T. 1992. W hat drives climate? <even 3 billion years ago, carbon 
dioxide w as setting the global therm ostat> . Discover, 13:64-66.
A rm entano,T.V ., R.A. Park, and  C.L. Cloonan. 1988. Im pacts on coastal 
w etlands th roughou t the U.S. In: G reenhouse Effects, Sea Level 
Rise, and Coastal W etlands, ed. J.G. Titus. EPA-230-50-86-013.
A ubrey, D. G. and K. O. Emery. 1983. Eigenanalysis of recent U nited States sea 
levels. Continental Shelf  Research, 2 (1): 21-33.
Barnett, T.P. 1983. The estim ation of 'global' sea level change: a problem  of 
u n iq u en ess . Journal of  Geophysical Research, 89 (C5): 7980-7988.
Barth, M. C., and J. G. Titus. 1984. G reenhouse Effect and Sea Level Rise: A 
C hallenge for This G eneration. Van N ostrand  R einhold C om pany, 
N ew  York. 325pp.
B irkem eier, W. , R. Dolan, and N. Fisher. 1984. The evolution of a barrie r 
island: 1930-1980. Shore and Beach. April: 3-12.
Boc, S. J., and J. Langfelder. 1977. An analysis of beach overw ash along N orth  
C arolina’s coast. Report No 77-9. The Center for M arine and Coastal 
Studies - N orth  C arolina State U niversity.
B oorm an, L. A. 1992. The environm ental consequences of clim atic change on 
British salt m arsh  vegetation . Wetlands Ecology and Management  , 
2 :11- 21 .
Bricker-Urso, S., S. W. N ixon, J. K. Cochran, D. J. H irschberg, and  C. H unt.
1989. A ccretion rates and sedim ent accum ulation in Rhode Island salt 
m arshes. Estuaries , 12(4): 300-317
100
101
Broeker and Denton. 1990. W hat drives glacial cycles? Scientific American , 
262(49): 48-56.
C arter, R.W.G. 1988. C oastal E nv ironm en ts. N ew  York: Academ ic Press.
C hilders, D. L., and J. W. Day, Jr. 1990. M arsh-w ater colum n interactions in 
tw o Louisiana estuaries. II. N u trien t Dynam ics. Estuaries: 13 (4):404- 
417.
Collier, Ries. 1994. Personal C om m unication, N atu ra l Resource Specialist, 
Cape H atteras N ational Seashore H eadQ uaters, Roanoke Island, NC.
C olm an, S.M. and R.B. Mixon. 1988. The record of major Q uaternary  sea level 
changes in a coastal p lain  estuary , Chesapeake Bay, Eastern U nited 
States. Paleogeography Paleoclimatology Paleoecology 68(2-4):99-116.
Craft, C. B., E. D. Seneca and S. W. Broome. 1993. Vertical accretion in 
m icrotidal regularly  and irregu larly  flooded estuarine m arshes. 
Estuarine Coastal and Shelf  Science, 37: 371-386.
C ullin ton, T. J., M. A. W arren, T. R. G oodspeed, D. G. Remer, C. M. Blackwell, 
and J. J. M cDonough, III. 1989. Fifty years of population  change along 
the nation 's coasts: 1960-2010. Coastal Trends Series. N ational O cean 
Service. N ational O ceanographic and atm ospheric Association: 
Rockville, Md.
D avidson, M.A., and T.W. Kana. 1988. Future sea-level rise and its
im plications for C harleston, S.C. In: Societal responses to regional 
climatic change: Forecasting by A nalogy, ed. M.H. Glantz. Boulder, 
CO: W estview  Press.
D eLaune, R. D., J. A. N ym an and W. H. Patrick, Jr. 1994. Peat collapse, 
pond ing  and w etland loss in a rap id ly  subm erging coastal m arsh. 
Journal of  Coastal Research, 10 (4): 1021-1030.
D olan, R., P. J. Godfrey, and W. E. O dum . 1973. M an's im pact on the barrie r 
islands of N orth  C arolina. American Scientist. 61:152-162.
D ouglas, B.C. 1991. Global sea-level rise. Journal of Geophysical Research. 96 
(NC4): 6981-6992.
102
Emery, K.O. and L.E. Garrison. 1967. Sea Levels 7,000 to 20,000 years ago. 
Science, 157: 684 -687.
Eleuterius, L. N. and C. K. Eleuterius. 1979. Tide levels and  salt m arsh  
zonation . Bulletin o f  Marine Science, 29(3): 394-400.
Fairbridge, R.W. 1989. C rescendo Events in Sea-Level C hanges. Journal of  
Coastal Research, 5(1): ii-vi.
Frey, R.W. and P.B. Basan. 1985. Coastal Salt M arshes, in Coastal
Sedim entary  E nvironm ents, ed. R.A. Davis, Jr. Springer-V erlag, N ew  
York.
G odfrey, P. J. 1970. Oceanic O verw ash and Its Ecological Im plications on the 
O uter Banks of N orth  C arolina. Office of N atu ra l Science Studies, 
N ational Park  Service, U. S. D epartm ent of the Interior, W ashington , 
D. C. 37pp.
G odfrey, P. J., and  M. M. Godfrey. 1976. Barrier Island Ecology of Cape
L ookout N ational Seashore and Vicinity, N orth  C aro lina . N ational 
Park Service Scientific M onograph Series. N um ber N ine. 160pp.
G ornitz, V. 1991. Global Coastal H azards from Future Sea Level Rise. Global 
Planetary Change , 89: 379-398.
H ackney, C. T. and  W. J. Cleary. 1987. Saltm arsh loss in sou theastern  N orth  
Carolina lagoons: im portance of sea level rise and  inlet dredging .
Journal of Coastal Research. 3(l):93-97.
H ansen , J.E., et al. 1984. C lim ate Sensitivity to Increasing G reenhouse Gases.
In G reenhouse Effect and Sea Level Rise: A challenge for this 
G enera tion , eds. M.C. Barth and J.G. Titus. NewYork: Van N ostrand  
R e in h o ld .
H arrison, E. Z. and A. L. Bloom. 1977. Sedim entation rates on tidal salt
m arshes in C onnecticut. Journal of Sedimentary Petrology, 47(4): 1484- 
1490.
103
H ayden, B. P. and R. Dolan. 1979. Barrier islands, lagoons, and  m arshes. 
Jour?ial of Sedimentary Petrology. 49:1061-1072.
H ennigar, H. F., Jr. 1979. H istorical Evolution of Coastal Sand D unes on 
C urrituck  Spit, V irg in ia /N o rth  Carolina. M asters Thesis, V irginia 
Institu te  of M arine Science, G loucester Point, Virginia.
Hicks, S. 1989. Tide and C urren t G lossary . U.S. Dept, of Com m erce, N ational 
Oceanic and A tm ospheric  A dm in istra tion , N ational O cean Service. 
Rockville, MD. 30 pp.
H obbs, A. J., and I. Shennan. 1986. Remote sensing of salt m arsh reclam ation  
in the W ash, England. Journal of  Coastal Research, 2 (2): 181-198.
H osier, P. E. and W. J. Cleary. 1977. Cyclic geom orphic patterns of w ashover 
on a barrier island in sou theaste rn  N orth  C arolina. Environmental  
Geology, 2: 23-31.
Inm an, D. L. and R. Dolan. 1989. The O uter Banks of N orth  Carolina: b u d g e t 
of sedim ent and inlet dynam ics along a m igrating barrier system . 
Journal of Coastal Research, 5:193-237.
K earney, M.S. and Stevenson, J.C. 1991. Island land loss and m arsh  vertical 
accretion rate, evidence for historical sea level changes in C hesapeake 
Bay. Journal of Coastal Research, 7(2): 403-415.
K earney, M. S., J. C. Stevenson and  L. G. W ard. 1994. Spatial and tem poral
changes in m arsh  vertical accretion rates at M onie Bay: Im plications for 
sea-level rise. Journal of Coastal Research, 10(4): 1010-1020.
Kelley, J. T., W. R. Gehreis, and  D. F. Belknap. 1995. Late H olocene relative 
sea-level rise and the geological developm ent of tidal m arshes at 
W ells, M aine, U.S.A. Journal of Coastal Research, 11(1): 135-153.
Kochel, R. C., and L. A. W am pfler. 1989. Relative role of overw ash  and 
aeolian processes on w ashover fans, A ssateague Island, V irginia- 
M ary land . Journal o f  Coastal Research, 5:453-475.
104
L eatherm an, S. P. 1988. Barrier Island H andbook . Coastal Publication Series, 
Laboratory for Coastal Research, The U niversity  of M aryland, College 
Park, M aryland. 92 pp.
L eatherm an, S. P. 1983. Barrier dynam ics and  landw ard  m igration w ith  
H olocene sea-level rise. Nature.  301:415-417.
L eatherm an, S. P. 1979. M igration of A ssateague Island, M aryland, by  inlet 
and  overw ash processes. Geology, 7:104-107.
L eatherm an, S. P., and R. E. Zarem ba. 1987. O verw ash and aeolian processes 
on a U. S. N ortheast coast barrier. Sedimentary Geology. 52: 183-206.
L eatherm an, S. P., and R. E. Zarem ba. 1986. Dynam ics of a northern  barrier 
beach: N auset Spit, Cape Cod, M assachusetts. Geological Society of  
America Bulletin, 97: 116-124.
Lee, J. K., R. A. Park, and P. W. M ausel. 1992. A pplication of geoprocessing 
and sim ulation  m odeling to estim ate im pacts of sea level rise on the 
n o rth east coast of Florida. Photogrammetric Engineering & Remote  
Sensing, 58: 1579-1586.
McKee, K. L., and VV. H. Patrick, Jr. 1988. The re la t io n s h ip  of sm ooth
cordgrass (Spartina alterniflora) to tidal datum s: a review. Estuaries ,
11: 143-151.
M illim an, J. D., and K. O. Emery- 1968. Sea levels du ring  the past 35,000 years. 
Science, 162:1121-1123.
M itsch, W.J., and J.G. Gosselink.1986. W e tla n d s . Van N ostrand  Reinhold:
N ew  York.
M oorhead, K. K., and M. M. Brinson. 1995. Response of w etlands to rising 
sea level in the low er coastal p lain  of N orth  Carolina. Ecological 
Applications,  5:261-271.
M organ,J. 1989. G reenhouse America: a global w arm ing  m ay destroy  U.S. 
forests and  w etlands. Scientific American,  260: 20-21.
105
N ichols, M. M. 1989. Sedim ent accum ulation rates and  relative sea-level rise 
in lagoons. In: L. G. W ard and G. M. A shley (Editors), Physical 
Processes and  Sedim entology of Siliciclastic-Dom inated Lagoonal 
System s. Marine Geology, 88: 201-219
O ertel, G.F. et al., 1979. The Shor-J M ethod for rapid  beach profiling. Dept, of 
O ceanography, Old D om inion U niversity Tech. Report No. 40, 11 pp.
Park, R.A, 1991. G reenhouse effect and sea-level rise: the cost of hold ing  back 
the sea. Coastal Management , 10: 171-204.
Parkinson, R. W. 1994. Sea-level rise and the fate of tidal w etlands. Journal 
of  Coastal Research, 10(4):9S7-989.
Pierce, J. W. 1969. Sedim ent budget along a barrier island chain.
Sedimentary Geology. 3:5-16.
Peltier, W.R. 1986. D eglaciation induced  vertical m otion  of N orth  A m erican 
continent. Journal of Geophysical Research, 91:9099-9123.
Phillips, E.A. 1959. M ethods of Vegetation S tudy . H olt, R inehart, and 
W inston, Inc: N ew  York. 106 pp.
Pirazzoli, P. A. 1993. Global sea-level changes and their m easurem ent. Global 
and Planetary Change, 8: 135-148.
Ranwell, D. S. 1972. Ecology of Salt M arshes and Sand D unes. C hapm an and 
H all Ltd. London. 258pp.
Redfield, A. C. 1972. D evelopm ent of a New England salt m arsh.
Ecological Monographs,  42: 2, pp  201- 237.
Reim old, R. J. and W. H. Q ueen. 1974. Ecology of H a lophv tes. A cadem ic 
Press, Inc. N ew  York. 605pp.
Revelle, R. 1983. Probable fu tu re  changes in sea level resulting  from
increased atm ospheric  CCb. In C hanging C lim ate . W ashington, D.C.
106
Schneider, S.H. 1989. The g reenhouse effect: science and  policy .Science, 243: 
771-781.
Schw artz, M. L. 1973. Barrier Islands. D ow den, H utchinson and  Ross, Inc. 
Stroudsburg, PA. 451 pp.
Shepard , F.P. and  H.R. W anless. 1971. O ur Changing Coastline. M cGraw- 
Hill, Inc. N ew  York. 579 pp.
St. A m and, L.A. 1991. Sea level rise and coastal w etlands: oppo rtun ities  for a 
peacefu l m ig ra tion . Boston College Journal of  Environmental  Affairs,  
19(1): 1-29.
Stevenson, J. C., M. S. K earney and E. C. Pendleton. 1985. Sedim entation  and  
erosion in a C hesapeake Bay brackish m arsh system . Marine Geology, 
67: 213-235.
Stevenson, J. C., L. G. W ard, and M. S. Kearney. 1988. Sedim ent transport 
and trapp ing  in m arsh  system s: Im plications of tidal flux studies. 
Marine Geologg, SO: 37-59.
S toddart, D. R., D. J. Reed, and J.R. French. 1989. U nderstand ing  salt-m arsh  
accretion, Stolt H ead Island, Norfolk, England. Estuaries, 12(4): 228- 
236.
Titus, J.G. and S.R. Seidel. 1986. O verview s of the effects of changing the
atm osphere, in Effects of C hanges in Stratospheric O zone and Global 
C lim ate , vol 1: ed. J.G. Titus, pp  3- 19. W ashington, D.C.: UNEP and 
USEPA. A cadem y of Science Press.
T itus, J.G.1990. G reenhouse effect, sea level rise, and barrier islands. Coastal 
Management .  18(1): 65-90.
Titus, J. G. 1991. G reenhouse effect and coastal w etland policy: how  
A m ericans could abandon  an area the size of M assachusetts at 
m in im um  cost. Environmenta l  Management  , 15(l):39-58.
Titus, J.G., and V.K. N arayanan. 1995. The Probability of Sea Level Rise. 
U.S.E.P.A., 230-R-95-008. 185 pp.
107
Van der Plassche, O. 1991. Late H olocene sea-level fluctuations on the shore 
of C onnecticut inferred  from  transgressive and regressive overlap  
b oundaries in salt-m arsh  deposits. Journal of Coastal Research, 11:159- 
179.
Van der Valk, A. G., L. Squires, and  C. H. W elling. 1994. A ssessing the
im pacts of an increase in w ater level on w etland  vegetation. Ecological 
Applicat ions  , 4: 525-534.
W anless, H. R., R. W. Parkinson, L. P. Tedesco. 1994. Sea level control on 
stability of Everglades w etlands. In: Davis and O gden (Editors) 
Everglades. The Ecosystem and Its Restoration. St Lucie Press. 848 pp.
W arren, R. S., and W. A N iering. 1993. Vegetation change on a no rtheast
tidal m arsh; in teraction of sea-level rise and m arsh  accretion. Ecology, 
74(1): 96-103.
W hite, J.W.C. 1993. D on't touch that dial. Nature  364:6434, 186.
W olkom ir, R. 1988. The greenhouse revolution: clim ates are changing—and 
so will coastlines as sea levels rise. Oceans: 21:16-21.
W ood, M.E., J. T. Kelley, and  D. F. Belknap. 1989. Patterns of sedim ent
accum ulationin  the tidal m arshes of M aine. Estuaries, 12(4): 237-246.
______ . 1994. Dare C ounty Land Use Plan U pdate. H olland C onsulting
P lanners, Inc. W ilm ington, NC.
______ . 1992. R eport on the N orth  Carolina Coastal M anagem ent Program .
D ivision or Coastal M anagem ent. D epartm ent of E nvironm ent, 
H ealth , and  N atu ra l Resources.
108
V ITA
C hristopher Robert Perle
Born in Toms River, N ew  Jersey on 28 January , 1969. G raduated  Tom s 
River H igh School East in 1987. Received a Bachelor of Science degree  in 
Biology from  Jam es M adison  U niversity , H arriso n b u rg , Va in M ay, 1992. 
E nrolled in the M aster of A rts p rog ram  at the College of W illiam  and  M ary, 
School of M arine Science in A ugust, 1992. T aught Biology Laboratory Classes 
at C h ristopher N ew port U niversity  in Fall, 1994 as ad junct faculty; ga ined  
em ploym en t as A ssistan t Scientist aboard  the SSV Corwith Cramer for tw o 
cruises w ith  Sea E ducation  A ssociation in Sum m er 1995. C u rren tly  u n d e r  
contract w ith  SEA to sail aboard  the SSV C orw ith  C ram er in W in te r/S p rin g , 
1996.
